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Abstract
FTIR-reflectance spectra (20 - 6,000 c m - 1 ) of 3 m o l % yittria stabilised zirconia (TZ3Y) and a-alumina have been measured at various temperatures between
room temperature and « 900 ° C . The spectra have beenfittedusing both the Four
Parameter Semi Quantum (FPSQ) and Three Parameter Classical (TPC) oscillator formulations of the dielectric function, with the initial assistance of KramersKronig analysis. The dispersion analysis yielded the oscillator parameters for the
transverse and longitudinal phonon m o d e resonances and their lifetimes. Estimates of microwave loss were readily obtained from the dielectric function by
direct substitution of the relevant microwave frequency (cm - 1 ). This work was
explored as a means of gaining an insight into the mechanisms for the dielectric loss, besides quantifying it. Most of the disparity between dielectric measurements m a d e directly at microwave frequencies (« 2.45 G H z ) by microwave
techniques, and those extrapolated from infrared analysis, can be attributed to extrinsic factors such as porosity, which do not contribute to the losses at very high
(infrared) frequencies.
Without access to direct microwave measurement techniques, such as B W O
interferometry, the order of accuracy of theoretically derived estimates of KI(T)
have been tested principally by comparison between the calculated reflected power
values (from «/(T)) and the experimentally measured values from a dual-directional
coupler in the microwave transmission line during heating of the engineering ceramics. Over all microwave forward powers, a difference of about one order of
magnitude was observed between experimental measurement and theoretical estimation of reflected power (Tables 5.9,10). Particular care was taken to incorporate
effects from skin-loss of microwave power in the metal wall of the cavity and radiation loss from the hot ceramic. The lower theoretical «/(T) estimates at 28 G H z ,
as also at 2.45 G H z , are a consequence of the fact that the extrapolated infrared
iii

analysis yields only an intrinsic estimate of the dielectric constant.
A chief concern of this thesis then, has been to conduct a thorough and careful
study in examining the extent of the applicability of the semi-quantum expression
of the dielectric function, to estimating microwave losses in poly-crystalline engineering ceramics that have been raised in temperature above room temperature,
throughfittingof F T I R reflectance spectra. The results are seen to be consistent with the limited work of Petzelt et al[167, 170], a m o n g others, in that the
F P S Q dielectric function has been confirmed to hold an inherent sensitivity to the
overall shape of a reflectance spectrum, such that it yields negative estimates of
loss w h e n extrapolated to microwave frequencies. This only works to confirm the
fact that even with the most complete formulation of phonon mechanics to date,
resonance mechanisms are not sufficient for estimating microwave absorption in
(poly)crystalline solids below « 30 G H z , particularly as temperature increases.
The allied concern of accurate thermometry in the microwave processing of
ceramics, was resolved by the implementation of the hitherto largely theoretical
device of multiwavelength pyrometry. The greatest success of this thermometer
over conventional ratio pyrometry was achieved by using a spectral emissivity
term constructed upon Fresnel-Maxwell field theory rather than empirical relations chosen for computational convenience.
A statistical accuracy of < 2 % from non-linear least squaresfittingof the
experimental radiance curve, is comparable with that of a standard B-type thermocouple ( « < 2 % ) that was specially mounted to suffer minimal microwave and
thermal perturbations in its response.
The performance of a conventional two-colour ratio pyrometer was noted to
have an uncertainty of up to ± 500 °C if the correct setting for the emissivity-slope
correction is not known. Such is the case for engineering ceramics for which there
exists little emissivity data. For the engineering ceramics under study here, multi-
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wavelength pyrometry estimated them to have an essentially wavelength-invariant
(grey) emissivity. This was reasonably confirmed by the combined thermocoupletwo colour ratio pyrometer measurements of section (4.4.4).
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Glossary of Acronyms

BWO

Backward W a v e Oscillator

DEMT

Differential Effective M e d i u m Theory

DH

Dissado-Hill (Theory - of M a n y Body mechanics)

EMT

Effective M e d i u m Theory

EPP

Electro-Phonon Potential

FM

Fresnel-Maxwell

FPSQ

Four Parameter Semi Quantum

FTIR

Fourier Transform Infrared (spectroscopy)

FWHM

Full Width Half M a x i m u m

HFSS

High Frequency Structure Simulator

IR

Infrared

KK

Kramers -Kr6nig

LLSQ

Linear Least Squares

LO

Longitudinal Optic (phonon mode)

LST

Lydanne-Sachs-Teller

MGT

Maxwell-Garnet Theory

MWP

Multiwavelength Pyrometry

NL-LSQ Non-Linear Least Squares
QMT

Quantum Mechanical Tunnelling

TO

Transverse Optic

TPC

Three Parameter Classical

TZ3Y

3 mole % yttria stabilised tetragonal zirconia

ZPD

Zero Path Difference
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Chapter 1
Introduction
Since the advent of the application of microwave frequency radiation to materials
processing in the 1960s, there has been a profound difficulty in accurately performing thermometry and temperature-dependent measurement of the dielectric
constant (henceforth dielectrometry). Without reliable knowledge of these two
parameters particularly, controlled microwave materials processing is not possible.
The difficulty of accurate, temperature-dependent, dielectrometry was most
clearly seen recently in the published results of a parallel experimental programme
as shown in Figures (1.1) for alumina and (1.2) for zirconia[31], in which significant scatter in noted. This was particularly the case for the imaginary component
(plot (b)) of the complex permittivity of alumina.
The parallel experimental programme attempted to obtain accurate temperaturedependent data of the relative (complex) permittivity of various well processed
engineering ceramics. Samples from a c o m m o n batch were distributed a m o n g
the participating laboratories. Despite sharing c o m m o n apparatus and experimental methods for dielectrometry, significant disparity in dielectric values, particularly in the so called imaginary component «/, were observed. It is important to
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Figure 1.1: These plots are repeated from Figures 1 and 2 in Batt et al[31] for
alumina. In a parallel programme in high temperature dielectric property measurement,fiveresearch laboratories made measurementsfroma common batch of
Dynallox A100 alumina at a nominal frequency of 2.45 GHz. (a) plots the real
and (b) the imaginary component of k.
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Figure 1.2: These plots are repeated from Figures 3 and 4 in Batt et al[31] for
zirconia. In a parallel programme in high temperature dielectric property measurement,fiveresearch laboratories made measurements from a common batch of
Techno 2000 zirconia at a nominal frequency of 2.45 GHz. (a) plots the real and
(b) the imaginary component of k.

3

note that the dielectric samples were heated by conventional means and not by
microwaves. Dielectrometry was performed with low power ( m W ) microwave
signals issued from network analysers. Furthermore, the measurements of this
comparative study are particularly cited instead of earlier work be Von Hippel and
Westphal say, because they measure KJ as a function of temperature, where almost
more exclusively it has been of frequency. It is also with less confidence that one
m a y compare disparate results for alumina say, where even if details of material
purity are given, measurements are m a d e on material of varying quality.
In view of this, one of the chief aims of the literature review of Chapter 2,
(after briefly introducing terms and definitions required for later analysis and discussion), will be to trace sources of measurement error in the several conventional
dielectric measurement schemes, and to compare the accuracy of the less commonly employed technique of Fourier Transform Spectroscopy (FTS).
A further reason to pursue dielectric spectroscopy by F T S (or more specifically by Fourier Transform Infra Red (FTIR) reflectance spectroscopy), is that
microwave techniques used for measurement of the complex permittivity afford
no physical insight into the mechanics governing its value. So called "free space"
techniques of interferometric spectroscopy at either millimeter & sub-millimeter
wavelengths (using Backward W a v e Oscillators), or far and mid infrared wavelength (FTIR-reflectance spectroscopy), are however capable of dielectrometry
and analysis. In addition they permit the separate management of heating and
dielectric measurement for the temperature-dependent studies.
A word of qualification is however warranted in regard to the methods of dielectric analysis of infrared spectra that have been examined in this thesis. This is
in regard to their application of being extrapolated d o w n through several orders of
magnitude in frequency, to provide possible estimates of microwave loss. For the
most part this has traditionally been done by use of the classical Lorentz-Lorenz
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oscillator model of the dielectric function. Its application has however been limited because it fundamentally does not admit the coupled interaction of phonon
modes and their temperature dependence.
The interest in this part of the thesis has been to observe just h o w far the
more recent semi-quantum expression of the dielectric function performs, particularly as it is applied to polycrystalline engineering ceramics (instead of pure
single crystals) that are held at moderately high temperatures (i.e. between 25 « 900°C rather than exclusively at room temperature). It extends the utility of
the classical dielectric function by incorporating phonon state data from the measured infrared reflectance spectra. The object has been to observe whether the
semi-quantum formulation provided a more accurate predictor of microwave loss
by morerigorouslyfittinginfrared reflectance spectra.
A reasonably comprehensive summary of the scope of such studies has been
provided in Tables (2.2) and (2.3).
Following the subject of dielectrometry, Chapter 2 will also investigate the
meaning and contingencies for thermometry in microwavefields.The particular
device of multiwavelength (or spectrum) pyrometry will be especially focused
upon for its unique ability to provide accurate thermometry during high-power
microwave materials processing.
Chapters 3 to 5 give an account of the novel application of FTTR-reflectance
spectroscopy to the determination of the dielectric function (and hence, of the
response by extrapolation at microwave frequencies) of engineering ceramics to
high temperatures. Such a study will be conducted from room temperature to «
900 °C . A collection of publications in the literature review, will highlight that
dielectric data in these domains is almost none existent, since most effort has concentrated on the cryogenic to room temperature dielectrometry of superconducting
and microwave (as opposed to engineering) ceramics.

5

The thesis also details a comparative analysis of thermometric accuracy during microwave sintering between a standard B-type thermocouple, a conventional
two-colour ratio pyrometer and a purpose built multiwavelength pyrometer ( M W P )
The particular material context, from which the general need for thermometry
and dielectrometry have arisen, has been in the very recent and successful application of M W energy (via a microwave-induced plasma (MIP)), to the braze-joining
of various metals to engineering ceramics. The ability to achieve such a bond
has wide ramifications in m a n y industries where the ceramic component in the
bonded structure m a y be strategically employed in contexts of either high temperature, corrosion or friction-wear or, of any combination of these three. There
are possible applications of these techniques in the jet and aerospace industry for
the building of lighter and more efficient engines, and, in the medical industry, for
better prostheses.
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Chapter 2
Literature Review
2.1 A Preliminary Note to the Reader
This thesis attempts to deal with two fundamental problems that govern microwave
heating of (solid) dielectrics; namely, the measurement of temperature (thermometry) and the measurement of the dielectric function (dielectrometry).
Each in itself is an extensivefieldof study. The literature review is consequently a little larger than usual, but mostly so, since no assumption is m a d e
regarding the particular physical science background of the reader.
Where necessary, Appendix A has been provided to supplement certain sections of Chapter 2 out of a desire to keep the literature review focused.
To assist the reader further, an integrated s u m m a r y of the literature review
and its appendix, is provided at the conclusion of Chapter 2. It m a y be alternatively read as a self-contained section in preparation for reading chapters
4 and 5, which respectively deal with the analysis and discussion of experimental results.
One further note is to clarify that this thesis has been written in British English.
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2.2

Introduction

This literature review serves not only as an appraisal and critique of the current
body of knowledge regarding microwave-dielectric interaction, dielectric measurement and methods of thermometry in microwavefields,but more importantly
to introduce and develop the mathematical machinery to be used later in the analysis of results and ensuing discussion.
This is to prepare for the primary goal of this thesis which is to examine the
possible extension and accuracy of Fourier Transform Infrared Reflectance Spectroscopy (FTIR-RS) in providing an extrapolated estimate of the dielectric loss
at microwave frequencies for engineering ceramics, and the application of multiwavelength pyrometry for temperature measurement. Although the context of
this thesis is set within the broad area of high frequency microwave sintering, no
experimental study of the mechanics of microwave sintering will be undertaken
per se.
The format of the literature review will be tofirstlyintroduce definitions and
terminology of dielectric physics. Working with these, a critique of the traditional Debye (and associated) theories of relaxation response follows in terms of
a universal dielectric response theory. T h e recently established universality of dielectric response in solid state systems is then traced more specifically in solid
crystalline dielectrics. To assist this, a brief summary is provided of the relevant
results of phonon theory. With the theoretical platform of dielectric response particularly established for solid crystalline dielectrics, a comparative review is then
m a d e of experimental methods of dielectric measurement with a view to tracing
sources of measurement error. This is done to ultimately establish the use of FTIRR S as a reasonably accurate technique for making dielectric measurements w h e n
microwave techniques are not available. Thisfirstsection of the literature review
then concludes with an assessment of FTIR-RS results and analysis techniques as
8

based upon the bulk of the available publications. F r o m the collection of publications, the context of this work is outlined by showing the void in experimental
application of FTIR-RS to a temperature- dependent study of polycrysatlline dielectrics (namely engineering ceramics).
The second half of the literature review similarly assess the merits of multiwavelength pyrometry against traditional thermometries for temperature measurement during microwave processing. With the meaning of temperature not being
a given in certain microwave contexts, a brief consideration of definitions accompanies the review.

2.3 Dielectric Spectroscopy
2.3.1 The General Definition of the Dielectric Constant
The concept of the dielectric constant arises naturally from the fundamental physical principle of causality w h e n it is applied to the phenomenon of a material's
electronic system responding to the force of an externally applied electricfieldE.
Causality demands that there can be no reactance from the material prior to the
force impinging upon it. In other words, only the retarded, and not the advanced
wave solution of the wave equation, is being considered in the wave-material interaction.
The electronic system of a material is taken to consist of constitutive atomic
species with'their consequent bond types characterized by particular strengths and
geometries. F r o m this, a macroscopic structure of either molecular or crystalline
form is manifest and in a phase state according to its energy state function. Additional electronic character m a y exist in certain solids, for example electrets, which
posses intrinsic electrical polarization. Others having a polarisation charge, other
than by an electricfield,are pyroelectrets and piezoelectrets according to whether
9

external thermal or mechanical constraints respectively apply.
Since the work of this thesis is to be given over in part to understanding the
mechanisms by which energy is absorbed from microwave frequency radiation
by engineering ceramics, the review of the definition of the dielectric constant
is to be particularly developed for the solid state. A few fundamental results of
physical theory are therefore refreshed to assist in aspects of the ensuing review
of dielectric-electromagnetic (radiation)fieldinteraction.

2.3.2 The Dielectric Constant in Electrostatics
In the otherwise void space r of a vacuum, the flux of an electricfieldE(r) emanating from a certain charge density distribution p(r), is proportional to p(r),
through the constant of proportionality e 0 (= 107/47rc2 Fm~l),

the permittivity

of vacuum, as
V-E(r)

= -p(r)

(2.1)

Co

W h e n a material enters the void it is polarized by E(r). The induced polarisation charge pp0i(r) generates a secondaryfieldof polarisation P(r) described
by
-V - P(r) = ppol(r)

(2.2)

Equation (2.1) must n o w be modified to reflect the changed circumstances of
a material present to E(r), for E(r) represents the macroscopic electricfieldand
p(r) the total charge in existence. With the introduction of the material the total
charge pr0t n o w present is that of the primaryfieldsource pEXt augmented by the
induced polarisation charge pp0i. Equation (2.1) is then modified to be
V • E(r) = -protir) = - [pE*t ~ V • P(r)}

(2.3)

Without an atomic theory providing a mechanism for polarisation, Maxwell and
other early workers could not appreciate the existence of pp0i [51]. Accordingly
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the divergence terms in (2.3) were grouped so that (2.3) might be a simple expression like (2.1). Thus (2.3) read as

V • D = pExt (2.4)
where
D(r) = e0E(r) + P(r)

(2.5)

is the so called electric displacement vector. Though D(r) does not have the
clear physical meaning that E(r) and P(r) do [73, 87], it serves to facilitate field
calculations with dielectrics w h e n there is no prior knowledge of ppoX.
In order to proceed and solve the Maxwell electricfieldequations, a semi empirical relation is given in an attempt to describe a property of matter. It assumes
that P(r) will be a linear response to E(r), for appropriatefluxdensities of E(r),
so that
Pik = toXnuE„

(2.6)

in which Xp.v is the dielectric susceptibility tensor l. D(r) m a y n o w be related to
E(r) through (2.6) to give

DM = e0 (1 + Xiw) Ev = eokp,Ev = KIWEV (2.7)

where k^ is the dielectric constant proper, of the material relative to vacuum and
K^t, is a lumped constant, the permittivity of the material.

2.3.3 The Dielectric Constant in Electrodynamics
M o r e generally again from the dielectric constant being single valued to being a
tensor (in reflection of material anisotropy), it is more fully a response function
'In the general case of material anisotropy, P(r) and E(r) are not linearly polarized in the
same plane
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when E(r) is additionally dynamic E(r, t). Equation 2.7 n o w becomes
D(i(p,r) = j dr j_

dtk^(r,p\t,T)Eu(r,t)

(2.8)

in which k^ (r, p\t,r) is a response (Green's) function that relates the induced
field Dfj, (p, T) in the dielectric at time r, to Ev(r, t) which exists throughout all
space r at times t < r. In (2.8)
E(r,t) = EQei{^-ut)

(2.9)

where E0 is the peak amplitude of E(r, t) and q represents a complex wave vector
that permits description of energy absorption as Ev(r,t) penetrates the dielectric, kftv (r, p\t, T) in (2.8) is consequently complex. Besides Dv (p, r) being
confined to be a linear response to Eu(r,t), there is the further proviso on the
semi-empirical relation (2.7) that it not be highly dynamic [51,pl0-7]. With these
approximations the complex Fourier transform of (2.8) permits a more direct solution of the convolution integral and gives
A (<?, w ) = Klm (g, u) Em (q, u)

(2.10)

K^ (q, u) is the dielectric function, the Fourier transform of the dielectric response function k^ (r, p\t, r). The real and complex parts of «f m (q, u) represent
the in-phase and quadrature response of D\ (q, u) with respect to Em (q, u).
A very general and experimentally significant pair of conjugate (Hilbert) integral transforms can be developed [116, 174, 228] from (2.10) in terms of the
complex Fourier transform result Kim (q, u). W h e n considering only its temporal
component under causality (r — t ^ 0)

k(w) = KR(w) + iKj (u) = 1°° K(r-t)e^^dt.

(2.11)

J — 00

Since in later infrared (ir) experiments, most concern is to be paid to the long
wavelength limit (q -t 0), spatial dispersion will not be significant with respect to
the lattice parameters.
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W h e n u is permitted to be complex (& = u' + iu"), together with k (u)
possessing crossing symmetry so that k(-u)

= k(u'), (2.11) m a y be solved

for systems in a stable equilibrium2. Contour integration of (2.11) yields, for the
principal value of the Cauchy integral,

where the spectral dependence u requires the entire spectral domain of u' and
appears as the pole in the integrand.
These are the fundamental Kramers-Kronig dispersion relations which, for
E (r, t) propagating in the dielectric medium, relates dispersion phenomena KR (U)
to energy absorption mechanisms KI (U).
Section (4.1.2) to follow on F T I R reflectance spectroscopy will use these fundamental integral transforms to analyse spectral reflectance data Eref (r, t) E*ef (r, t)
to derive the differential phase angle between reflected and incident signals. From
this the optical constants follow and from these in intern again, the complex permittivity.

2.3.4 Spectral Energy Loss Mechanisms in Solid Dielectrics
The scope of this review into mechanisms by which solid dielectrics absorb millimeter ( m m ) and infrared (ir) radiation is confined to crystalline solids. The previous section dealt with the phenomenon of dielectric response firstly in terms of
a dielectric constant and then more broadly in terms of a response function. But
h o w precisely a material absorbs energy as it responds to an external stimulus
E(f, t) is dealt with by understanding mechanisms of polarisation.
2

Stable equilibrium implies that there will be no dramatic response by the dielectric upon being

probed by the vecE(r, t)
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To do this, the macroscopic polarisation is examined in relation to its dependence on the local (microscopic) electricfield(Eioc(u)) ^ EExt(u),

through an

approximating material relation that is similar to (2.6). Specifically, that
P(u) = N(f) = e0a(u)(Eloc(u)) = eQx(Eloc(u))

(2.13)

N is the density of dipole moments, (p) and (Eioc(u)) are respectively the ensemble averages of the induced dipole moments and the local electric field about
the dipole, and 6i(u) is the complex, frequency-dependent polarisability whose
functional form ranges between relaxation dispersion and resonance dispersion
according to the energy of the excitingfieldand the relative factors of inertia and
damping that accompany a given m o d e of dipole induction.
The treatment of mechanisms of polarisation response will be divided into
resonance and relaxation phenomena.
The primary focus will be resonance polarisation mechanisms, since these
dominate absorption of irradiatingfields(i.e. loss) above 30 G H z and over low to
moderately high temperature («1000K) by solid phase crystals.
Therefore the alternative loss mechanisms of relaxation polarisation will be
separately covered in Appendix A.l. This appendix particularly contains the
corrective developments upon the ideal limit of Debye theory from the work of
Jonscher, Ngai, Hill, Dissardo and Brown. Over the past 25 years since about
1975, they have developed a generalised formalism for a universal dielectric response, that at least satisfies the necessary requirements of the Kramers-Kronig
( K K ) transforms. Their theory of a universal dielectric constant, that deals exclusively with relaxation processes, has been rigorously and extensively applied to
the re-interpretation of a great bulk of published dielectric data. Ngai, Hill and
Dissardo in particular, have connected the universal law of dielectric susceptibility to the even wider physical context that governs the explanation of anomalous
X-ray absorption in metals[91] and infrared (ir) divergence.
14

Before directly proceeding to a review of the mechanics of resonance polari-

sation, an introductory section on the general phenomenological treatment of di

electric response is given both out of historical interest and in order to high

the essential differences that characterise resonance and relaxation processes.

The General Phenomenological Treatment of Dielectric Response

This section represents the state of understanding on dielectric phenomena whic
is still widely held in the community of the physical sciences. A conventional

historical treatment of relaxation polarisation is developed here only to the e

that an appreciation may be had of its fundamental re-working and generalisatio
as introduced by Jonscher[105].

In terms of the more fundamental response function of the polarisability (2.13),
(2.8) may be recast more simply in the time domain as
D(T) = e^Eir) + T a(r-t) E(t)dt (2.14)
7 — 00

With an electric field E(u) = e1^ and the phase <j> delayed response field
D(u) = e^*-^, together with the change of variable x = T - t, (2.14) may be
equated with k(ui) [54] to give
/*00

a(x)ei{uix)dx

« M = e<*+

(2.15)

Jo
where Coo = ^(w)^^^- The term a(x) in (2.15) may assume the functional form
of a(i) = a(0)e-(*/r) and so yield a phenomenological description of relaxation

dispersion, which holds for permanent dipole (dipolar) dielectrics. Integration
(2.15) gives [54, pp72-73]

*(") = eoo + S? (a)
KRDebye(u) = e^ + ^p (b) (2.16)
K

lDebySU) = £0- COO 1^72 (C)
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Figure 2.1: T h e characteristic Debye curves of relaxation dispersion. Relaxation
dispersion (2.16b) holds for processes where w r « 1. The absorption curve is the
bell-shaped curve (2.16c)

This gives the Debye equation (2.16a) with its real (2.16b) and imaginary parts
(2.16c). Its characteristic dispersion «R 0 e i (w) and absorption «/ Dei (w) curves
are shown infigure(2.1) below. The absorption curve is bell-shaped.
The Debye equation m a y be generalised in the factor of the static dielectric
constant e0 - €00, by an integration term e0 - e ^ = /0°° g(r)dr, which m a y be a
certain frequency distribution function of dipole relaxation times. This feature was
added by experimenters[33, 36, 37, 79, 145] to fit their data which could not adequately be described by relaxation of a single dipole. Though a distribution function g(r) m a y be m a d e to fit any data, it does not generally express a fundamental
understanding of dielectric interaction with an electromagnetic signal [105]. This
is to be discussed in more detail in thefinalsection prior to resonance polarisation
mechanisms, since m u c h work has been done to bring a rigorous general physical
understanding to relaxation phenomena.
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Figure 2.2: The characteristic curve of resonance dispersion.
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Figure 2.3: The characteristic absorption curve of resonance.
Alternately, if a(t) = a(0)e~^lT^ cos(o;t + V0> resonance dispersion is described and this holds for non-polar and polar ( e.g. ionic crystalline) dielectrics.
Integration of (2.15) gives [54, plOl]
k(u)

=

Coo^Ae ,1 —i(uo+w)T l—i(uio—u)T
1+CJQ(CJ+UQ)T

2

KR(U)

=

eoo + | A e l+(w+w0)2r2

Kr(u)

—

|Ae

_1+(LJ+W0)2T2

(a)
2

1—UQ(W—UQ)T
1+(W-UQ)2T2 .

+ 1+(U-<J ) T .
2

^

2

0

(b)

(2.17)

(c)

where A e = a(0)TCOs(ip). The plots of K R ( U ) (Fig. 2.2)and KJ(U) (Fig. 2.3)
below, respectively display the characteristic response of resonance dispersion
and absorption. For arguments sake, they were alternatively constructed from a
single oscillator of resonant frequency UQ = 1 0 0 0 c m - 1 , oscillator strength / =
10 0 0 0 c m - 2 and damping factor 7 = 2 0 c m - 1 , with e0 = 2.25.
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Relaxation and Resonance Dispersion and Absorption

Equation (2.13) m a y

more generally be expressed as

P(u) = J2 dj(u})(Eloc(oj)) (2.18)
3

The sum in (2.18) m a y be expanded to identify the component mechanisms of
polarisation within a dielectric. These are generally given to be [19, 22, 32]
Y^ «j(w) = «(w)Relaxation + &(u)Resonance (2.19)
j

in which a(u)Relaxation contains permanent dipole (dipolar) and space-charge polarisation mechanisms and &(u)Resonance contains electron and ion distortional
polarisation which is characteristic of non-polar and neutral polar dielectrics. The
expansion terms of the s u m lie in the direction of increasing frequency (energv)
response.

2.3.5 Resonance Absorption
Here w e n o w begin our focus on resonant mechanisms of electromagnetic energy
absorption in solid crystalline dielectrics. Energy absorption by relaxation processes have been separately handled in the complementary section of Appendix
A.l.
The internal energy of a crystalline solid is firstly summarised in order to
shortly discuss the interaction energy between a crystalline solid and a radiation
field, as well as to provide a basis for later experimental analysis and discussion.
A crystalline solid is accurately described by one lattice from a m o n g the set of
Bravais lattices. T h e unit cell associated with each lattice point will have one or
more atoms. The internal energy of the crystal will reside in the interatomic m o tions of each unit cell and the total energy is described by an appropriate Hamiltonian. The simplest Hamiltonian considers harmonic oscillations of the unit cell
18

about the lattice point and of each atom within the unit cell about its thermal equilibrium position.
Analysis of the equations of motion from the Hamiltonian are complicated by
cross-coupling terms that appear in the calculation of the potential energy at all
orders ( except the zeroth order which vanishes under symmetry). To proceed, a
simple linear transform to normal co-ordinates is applied to resolve the crossterms into independent normal modes. The problem n o w is the solution of a
standard eigenvalue problem through its characteristic (or secular) equation.
The eigenvalues are the energies of the normal modes. Therefore, were a
crystal to consist of N unit cells of say one atom each, the coupled matrix equation
will have been reduced to N sets of three simultaneous equations (for each degree
of freedom of motion). Each of these sets m a y be solved for their normal m o d e
frequencies for a given wave vector q of the radiationfield.A n harmonic m o d e
of atomic motion is indexed according to q and one of the three eigen frequencies
(branches), j, and are given the n a m e phonon. For the one atom unit cell the three
branches consist of one longitudinal and two transverse m o d e types (the modes
are only truly longitudinal or transverse along symmetry directions). These are
acoustic modes. Additional atoms in the unit cell induce optic modes, arising from
internal degrees of freedom. Acoustic modes are Orientational by their dispersion
behaviour in which their energies approach zero in the limit of q —> 0 (i.e. long
wavelength). Contrariwise, optic modes have high energies as q ->• 0.
Following the phonon description, the thermal energy of a crystal is represented by a set of occupied vibrational states. In the more concise operator matrix representation of the eigenvalue problem, the harmonic Hamiltonian is constructed from creation and annihilation operators. Each respectively operates to
raise or lower the thermal energy of the crystal by generation or extinction of a
phonon. The energy state of the crystal is then prescribed through Bose-Einstein
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statistics as a set of occupation numbers which are the number of phonons corresponding to the allowed modes.
Depending upon the atomic masses constituting the crystal, the continual uptake of energy will drive the various oscillation amplitudes beyond harmonicity.
While for single (uncoupled) anharmonic oscillations the Hamiltonian is simple
in both quantum and classical forms, an interacting set of anharmonic oscillations
is complex. The perturbation term H' added to the harmonic Hamiltonian H0 to
describe anharmonicity cannot be simultaneously diagonahsed with H0 (i.e. they
do not commute). A set of anharmonic oscillations cannot therefore be uncoupled.
Diagram techniques, as described by Cowley[34, p428] for example, are used to
reduce anharmonic effects to fundamental phonon processes.
Under non-equilibrium conditions during heat flow in the crystal, interacting
anharmonic modes are described by the time-dependent perturbation theory where
real transition between phonon modes occur (as opposed to virtual phonon process
during equilibrium). The transition probabilities are a function of the coupling
strength of phonon modes participating in an interaction.
The simplest interaction is a three phonon process (arising from the cubic term
in the potential of the total Hamiltonian H = HQ + H'. Conservation of energy
and m o m e n t u m prescribe selection rules that govern which phonons are permitted
to interact. M o m e n t u m is not always conserved for all processes since energy
—*

—*

transfer to the lattice is in units of HK (where, K is any reciprocal lattice vector).
In this case,,.?? ^ 0 givesriseto umklapp processes, else if K = 0 m o m e n t u m is
conserved (normal processes).
Phonon coupling is the mechanism whereby a crystal m a y relax to equilibrium from an excited state. Umklapp processes are a means for a net m o m e n tum imbalance to be dissipated as manifest by a (perfect) crystal having thermal
resistance^ 16]. Since new phonons are created from interacting phonons, a finite
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phonon lifetime is apparent.
F r o m the Heisenberg energy-time uncertainty, if the thermal phonon damping
is very small (i.e. in the order of 10 c m - 1 ) , then their energy is not precisely
defined! 176]. This leads to a relaxation of the selection rules arising from conservation of energy. This is particularly so as temperature increases and has been
experimentally noted by S u b b a s w a m y (et. al.)[201] during microwave absorption
studies in alkali halide single crystals. There, thermal phonon lifetimes on the
order of 10 c m - 1 , were measured at about r o o m temperature. They note that in
m a n y materials the energy separation between adjacent phonon m o d e s can be of
this order or slightly m o r e over a significant fraction of the Brillouin zone. This
meant that a greater portion of phase space (Brillouin zone) was available for such
two phonon processes where ordinarily conservation of energy would restrict such
processes to regions of special points or lines in the Brillouin zone where phonon
branches were degenerate3.
The interaction of electromagnetic radiation with crystalline dielectric solids
is fundamentally governed by both the energy of the radiation and the symmetry
properties of the crystal. Yet in order for an interaction to be permitted both an
energy and m o m e n t u m conserving coupling mechanisms must be satisfied and a
dipole m o m e n t term must either exist or be induced.
Three distinct interactions have therefore been identified[92, p92] that lead to
3

A simple application of conservation of energy for two phonon difference processes requires

the phonon difference frequency between two adjacent branches ji and j 2 to be w(g2, h) u

{Qi > h) — w, the frequency of the irradiating electromagnetic wave. In addition q\ = q\ 4- q « q\

since the radiation wave vector q is small with respect to those of room temperature thermal
phonons ($1,92). The two-phonon difference process is to good approximation a virtual transition between adjacent phonon branches. In the limit u = 0 (as it does a microwave energies),
energy cannot be conserved in two phonon difference processes for any arbitrary point in phase
space.
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the absorption of a radiationfield.These are Reststrahl4, multiphonon and defectinduced one-phonon absorption.
Restrahl, (or one phonon) absorption is unique to ionic crystals which possess
an intrinsic dipole m o m e n t . A photon decays to create a single transverse optic
(TO) (restrahl) phonon.
Multiphonon absorption occurs during two or higher phonon interaction processes. In these a net electric m o m e n t m a y couple with the photon. This process
is a means of absorption in both ionic (polar) and covalent (homopolar) crystal. Photon-phonon coupling mechanisms have been proposed that separately
model microwave[ 193] and infrared[126] photon absorption (for cubic crystal
structures).
They are respectively described by the following interaction diagrams of figures (2.4) and (2.5) where an interaction is described by an open circle. Energy
entering the circle conveys an annihilation and energy leaving is a creation event.
(Phonon-Photon symbols are used according to the convention summarised by
Walker etal[221].
The dominant absorption mechanism depends on the magnitude of the second
electric m o m e n t and the strength of the anharmonic coupling between the T O
m o d e and the two phonons.
Defect-induced, one-phonon absorption, is of most significance to covalent
crystals of the diamond- like structure in which the creation of a single phonon is
not accompanied by displacement of an electric dipole. Absorption can however
be induced from first order (point) defects such as impurity atoms.
4

Restrahl (or restrahlen) is a German term meaning residual ray. For, associated with a high

absorption coefficient (0 = ATTKUJ) is a peak in the reflectance R = >n+1<a+fc2 at a frequency of
vibrational resonance in an ionic lattice. Successive reflections from crystal plates was therefore an
early means of isolating a monochromatic source of infrared energy. In R, n and k are respectively
the refractive index and extinction coefficient of the material.
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Figure 2.4: Different B a n d (D) Processes (Fig. 2.5a) describe microwave absorption for crystals with the rock salt structure (e.g. NaCl), for which every ion
is at a site of inversion symmetry. S a m e B a n d (S) Processes (Fig. 2.5b) are like
D-processes except the annihilated and created phonons are on the same branch.
S processes describe microwave absorption for crystals possessing the zinc-blend
structure for which each ion is not at a site of inversion symmetry.

The three above mentioned absorption mechanisms are true for both single and
polycrystalline materials. Polycrystalline materials however, m a y extend defect
induced absorption to extended defects such as dislocations and grain boundaries
which m a y possess intrinsic polarity [150].

The Phenomenological Model of Resonant Dielectric Response The resonance component of (2.19), &(OJ) Resonance, describes a perturbation response by
both the electron system of any dielectric and of the crystal lattice of ions (phonons)
when irradiated at optical and infrared (ir) frequencies respectively. Though the
electronic and ionic (and even molecular) perturbations should properly be treated
quantum mechanically, classical mechanical models are permitted by the correspondence principle since w e are dealing with high quantum numbers in terms of
large masses and vibrational energies[32, 51, 77, 228].
The simplest classical mechanical model envisages the distortion, or pertur-
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Figure 2.5:' Figure 2.5 properly describes infrared and m m wave absorption.
Mechanism 1 (Fig. 2.5a) can only occur in ionic crystals while Mechanism 2
(Fig. 2.5b) can occur in both ionic and covalent crystals. In Mechanism 1 an ir
photon couples with an intermediate virtual (TO) phonon which decays into two
further phonons. In Mechanism 2 a photon couples directly with two phonons
in which one phonon induces an electric moment while the second phonon displaces it to create a second order electric moment that is parallel to the electric
field vector of the photon.

24

bation, of the electron and lattice systems to be an ensemble of non-deformable,
isotropic, harmonic oscillators. Consequently the classical mechanical model approximates the centre of mass (mcm) displacement (6x) of the electron to be rectilinear. The linear model is valid while 6x/x0 <tc 1, where (8x) is the displacement
from equilibrium and x0 is the eqmhbrium ion spacing. In the case of a crystalline
dielectric, the effective mass (meff) of an ion, which is considered to be an elastic solid, is similarly treated by a rectilinear motion model. The driving force
for the motion is the local average electricfield(E(io)loc), having e™* time dependence, about an ion site. The restoring force of Coulomb attraction for the
electron and ion systems is treated as being a stiff spring of force constant K and
a resonant frequency of UJQ = K/rricm^ff. The local oscillating displacement of
charge driven by (£'(a;)joc), induces alternating effective dipole moments. These
in intern radiate energy. The radiation damping from oscillating dipoles is likened
to the velocity-dependent resistance factor 7 in classical damped harmonic m o tion, so that (P) = (iymx2) is the mean power dissipated as the driving energy of
(E(u)ioc) is consumed in the resistive term.
Besides an isotropic reactance in to

(E(UJ)IOC),

a further simplification has

(E(u)ioc) to be linearly polarized. The differential equation of motion leading to
^(w)Resonance IS

F = q(E]0C) = mcmieff(x + jx + uQx)

(2.20)

Since x oscillates at the same frequency as (E(u)ioc), the solution to (2.20) is
x = —^ -2 \— (E(u)loc) (2.21)
™cm,eff U)$-U2- l^fU

The dipole m o m e n t p, being defined by the product qx, gives by (2.21) that
p = —Q— -2 \— (E(u)loc) (2.22)
mcm,eff wg - UJ2 - vyu
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The dipole m o m e n t m a y be described upon the same empirical basis as P^ in (2.6)
so that
(p) = e0a(E(u)loc)

(2.23)

Upon equating (2.22) and (2.23), the amplitude of the dipole response is related to
the magnitude of the forcing term q(E(u)loc) through the response function, the
polarisability, as

i2

1

Ot (OJ) Resonance =
i
mcm,effeQ

o
tO§-LJz-

9
:
IJUJ

(2-24)

In reality however, a(ct;)flesonariCe is not a continuous dispersion relation but is
quantised. Solving the Hamiltonian that has electron/ion motion constrained in
a parabolic potential, leads to discrete (j) modes of oscillation that are parametised by frequencies Uj with oscillation strengths /_,- and damping factors 7j ^
FWHM.

The /_,- particularly, n o w describe the relative probability of transition

between two energy states (oscillation modes) of the electron/ion system, and is
governed by the s u m rule[51, 77, 228]

J

With a system generally having a density of Nj bound oscillators with resonant
frequencies Uj, equation (2.24) is then more generally expressed as
& {u) Resonance = /J ~~2 2

:

(2-25)

mcmfiffCo j Wj ~ " ~ iljU

and is historically k n o w n as the Lorentz-Lorenz oscillator which is descriptive of
the dielectric response of electrically insulating material. A n iV-sum rule, similar
to the /-sum rule, has that Y,j Nj = N.
W h e n (2.25) is resolved into its real and imaginary components giving the
dispersion <XR{U>) =

m^effCQ
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Figure 2.6: Real and imaginary parts of the dielectric constant close to a strong
absorption band, according to the Lorentz model. This example is calculated for
v

vlv§ — 1-2 and damping 7/V 0 = 0.1 from Hapke[77].

and absorption
N

d?/(w) =

mcm,effeo £
j

jfjljU

(u]-u2)

+ -y]u2

terms respectively, a(u)Resonance is most clearly seen (infigure9 ) to be Orientational by resonance absorption of (E(CJ)IOC).
T w o further assumptions are built into the approximation of (2.25). The first
is that it does not deal properly with condensed materials. The closer-lying neighbouring ions in dense materials interact with one another and lead to complex
coupled modes of oscillation. The result is for UjS to be spread out following the
associated enlarged damping of modes. The second additional assumption is that
no additional phases are accounted for. In that case (2.25) m a y have to be further
modified for an additional pth species so that
Apj/jPJ

&(u) =

mr

»,e//C0 PJ
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ul ,-u2"PJ

ijpju

In terms of more experimentally accessible parameters (e0, e^), the classical
response function (2.25) is more commonly formulated as[92, p96][134]
m

OJ2

k(u) = KR{U) ± iK^uj) = €«, + Y, Ae^-2

j—-

(2.26)

The poles Uj of the response function are the normal mode frequencies of the
transverse optic phonon modes. These m a y directly couple to the transverse action
of the irradiating electricfieldand subsequently build the restrahlen band/s in a
reflectance spectrum5.
In the above formulation Aey is the oscillator strength of the jth resonance and
is a measure of the interaction strength between the radiationfieldand the ionic
lattice (i.e. proportional to the lattice dipole moment). In terms of the previous
formulation (2.25)
Ae, = (,„ - «.) = ^ (<±1) = (!*)' (2.27)
mujeo \ 3 J
\Uj J
where N is the concentration of ion pairs, qjff is the effective charge of the reduced mass m, n^ is the high frequency refractive index and upi the frequency of
plasma (collective charge carrier) oscillation.

2.3.6 The Quantum Mechanical Expression of Dielectric Loss
The Formalism Associated with Maradudin, Wallis, Fein, Ipotova and C o w ley
The classical mechanical description of the electricfieldinteracting with a crystalline solid led to the construction of a response function whose poles (or singu5

Note that excitation of L O phonons is forbidden by not meeting momentum conservatives
constraints (except however, when a depolarisingfieldarises at the sample-boundaries or at inhomogeneities within). This point is developed in the section to follow on the role of crystal defects
in modifying formulations of «/.
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larities) yielded the normal m o d e resonances. Coupling a m o n g the normal modes
led to resonance broadening which translates to damping of the modes.
The quantum mechanical treatment of interaction between the electric and
crystal potentialfieldshas most effectively been treated by the mathematical methods of Green's function which correlate fht effect felt at one part in the solid due to
a disturbance elsewhere. T h e Green's function is in fact the probability amplitude
K (x, t\£, r ) 6 for the event of the disturbance travelling from one point £ at time
r to x at time r (r < t). The associated conditional probability density is ««*,
where AC* is the complex conjugate of «)[199].
The Green's function provides a means for tracing the time evolution of a
disturbance within a system. Formal relations have been developed[34] between
Green's functions and the quantum partition function from which thermodynamic
properties of the crystal m a y be established. The formal relations between these
are held in the thermodynamic Green's function. For convenience of analysis
the Fourier transform is taken of the thermodynamic Green's function to carry
it from the time to the frequency domain. In Fourier space, the thermodynamic
Green's function becomes the spectral distribution Junction that is analogous to
the response function of classical mechanics.
In particular the Fourier transfer of a one-phonon Green's function is called the
phonon propagator[\42]. A harmonic Hamiltonian leads to a/ree-phonon propagator while higher order (perturbation) terms in the Hamiltonian describe interactions. Analysis then follows the time development of the operator (Heisenberg
6

In

Feynman's

formulation

Jexp(if*L(x,x,t')dtjDx(t)

of

quantum

mechanics

n(x,t\t,T)

—

which defines the key path integral. The argument of

the exponential is the action (a functional) that is sought to be minimised for a certain Lagrangian
of the system (i.e. the path x(t) is sought for the Lagrangian that will minimise the action. The
element of integration Dx(t) of the N-fold integral is the volume element ndik where the dxk
are the elemental path segments x that sum to connect points f and x in space
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view or by the Feynman path integrals) giving the so called interaction representation. In the Heisenberg treatment, terms in the general perturbation series expansion may be evaluated using a diagram technique. Dyson's equation performs the
sum of the ensuing series. Perturbation terms of the Hamiltonian lead to a phonon
self-energy (since the Hermitian component of the diagrams modifies the energy
of the phonon) that represents a renormalised energy. This renormalised energy is
in fact the measured energy. The imaginary component of the phonon self-energy
is the phonon damping.
The foundation of the Green's function formulation applied to the study of
lattice dynamics of an anharmonic crystal is covered in the references of Cowley's
classic paper[34] and of Wallis et al[222] and Wallis et al[223]. A n excellent and
most recent treatment is found in Reissland, of which the last two paragraphs form
a brief summary [176].
For lattice displacements of the order

(6X/XQ)2

Gervais[67] has s u m m e d the

individual contribution of phonon propagators to the dielectric susceptibility using the diagrams of Cowley. The summation is over all polar phonon modes at
near-zero wavevector q ~ 0 (i.e for ir and microwave photons). The sum gives the
whole dielectric susceptibility of an anharmonic crystal incorporating diagrams
due to non-centrosymmetric crystals (i.e. those not possessing a symmetry element of inversion), besides centrosymmetric crystals. If the crystal is centrosymmetric, the non-centrosymmetric terms are zero and so do not contribute. The
dielectric function is then

K^OJ, T) = KR{U, T) - iKl(oj, T) =
_L

where

4* V>

A(QOJ,T)

M

M

MOj)

and T(u,T) are respectively the afore mentioned complex self-

energy shift and damping (lifetime broadening) of the phonons. v is the unit cell
volume. M^j and Mvj are the dipole m o m e n t u m terms as given by Maradudin
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et al[143]. The terms h and e^ have their usual meaning as Planck's constant
and the lumped electronic contribution to the dielectric response function, respectively. Equation (2.28) forms the basis of the semi-quantum mechanical analysis
of reflectance spectra measured in this thesis and will be discussed more fully in
section (2.1.6) to follow.
The explicit form of Auj(0j) and T(0 j) are given here for later use when
outlining an equivalent formalism of photon-phonon interaction in the work of
Gurevich to follow next. From the serial papers of Maradudin et al[143] and
Wallis et al [223]

Au0j) =
K
2

\V(0f,qj;qj"\2 (
1\
x
W
.h„uj(Oi\uj(ffi')Ud"i")
gj',g'j"
(°JI W (^")I W (^"") V^' 2)
v

1
u - uj(qf) - oj(q'j")

r(o j) =
«*

v

\v(0r,Qj;g'j"\2

(

2 ..^.^(djiojtfniutf'j") \ <t

i\

2)

5[oj-uj(qj')-oj(qj")]
where A(OJ) ,T hold here for cubic anharmonic terms in the potential energy expression of the Hamiltonian, p is the principal part of a series expansion, n ^ y is
the Planck spectral distribution function of thermal phonons, UJ is the radiation frequency and u (q , j') is thefrequencyof a phonon on branch j' having wavevector
q Further
V(dj;jj';<fj") = ^A(5 + ^ +?>(0j : jjrf)
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where N is the number of unit cells and
. .-• j
n.
A(0 + q +q ) = <

1 umklapp processes
0 normal processes

is the condition of conservation of quasi-momentum, and
${0j;qj \q 3 ) =
$afa(Qk;l'k';l"k")

^,S,,S..
{MkMk,Mk,,yi*
ka l'k'!3l"k"y
e« (%j) e^ (& |gj Je7(fc |g j Je

L

J

Here $Q/s7 are the general force constants of the crystal for general Cartesian
components a, B and 7 on the atoms of unit cell I, l' and l", respectively. Mk is
the mass of the kth atom, and e{(ki\qiji) are the amplitude vectors of specifically.
The form of the (first order) anharmonic term in the Hamiltonian of Maradudin's
construction (for a unit cell of two basis atoms) is

T^ E E V(0j^j,^'j")Q(0j)Q(q^')Q(^j")
Oq q JJ j

The Qfff)

are positional normal co-ordinates of the Hamiltonian and m a y be

written in terms of the standard phonon creation a+(qj; t) and annihilation a(qj; t)
operators such that Q(qj; t) = ( 2 ^ ) ) * [a+ + alA b initio calculations of anharmonic crystal dynamics is formidably complex.
Calculations by early researchers like Maradudin, Fein, Wallis Ipotova and Cowley were confined primarily to single m o d e cubic systems. Gurevich et al[76] have
however developed arigoroustheory of intrinsic loss in dielectric crystal that is
particular to each of the thirty-two symmetry groups and includes frequency and
temperature dependency.
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The Formalism of Gurevich and Tagantsev
The key feature of Gurevich (et al) in their development of an interaction Hamiltonian is the definition of the electro-phonon potential (henceforth EPP). This
amounts to a more direct treatment of the general tensor character of the susceptibility and hence of the generic effect of crystal symmetry on the dielectric
constant.
The construction of the E P P is based upon the fact that the atomic force constant $ (or Ann', in the notation of Gurevich et al) are functions of the field-induced
77

sub-lattice displacements w and of thefield(E) explicitly (since J5-induced specifically of the bound electron orbitals modifies the Ann>, describing interatomic
motion)[75, pl58].
Therefore, for

Electric E field dependence of A"", exists in both ionic and covalent crystals whi
w dependence of A™< is peculiar to ionic crystals. Therefore E P P for covalent
crystals is a special case of the ionic construction.
In their formalism, Gurevich et al construct the cubic anharmonic term of the
crystal potential energy in terms of the E P P (besides using the standard creation
and annihilation operates and phonon frequencies). In their notation, the cubic
term in the Hamiltonian is

where in terms of Maradudin's formula
titoi = "(qdi)

cjk = a^di)

a** = a ( W j )

and p is the specificallyfield.In particular, the E P P is
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where

1
2JW

x-^ ^

r_;v?r„ _„ .\\ .,^ ..

.^ .,9A

» « " « ' „_„•
„j
n—n 77

aw

$<*) =
dAnn>

1

^'2MTVV E- ^ J""fc^,]^*^V(«/)-g^
''•>

13 n—n
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In the Xjj'(q)s, e^'(qf) and its complex conjugate, e*(qf), are identical to the
specifically vectors in the earlier notation of Maradudin et al. The term x is the
dielectric susceptibility, while (3 is the stress tensor7. Lastly M = £

p

Mp\ep(qj) |2

where Mp is the mass of the unit cell.
Centrosymmetric crystals are characterised by the elements of the main diagonal of Ajj' (q) being zero. The non-zero values of the elements either side
of the main diagonal are alternatively m a d e to reflect the symmetry operations
of the point groups, as Ajf(q) is projected onto p while satisfying the law of
conservation of energy for a given wavevector q. B y this procedure, three main
mechanisms of intrinsic loss in ordinary dielectrics have been formulated. These
are three quantum loss, four quantum loss and quasi-Debye loss.
Three quantum lossfirstly,is associated with photon absorption involving two
phonons that satisfy the energy and quasi-momentum conservation law
uj(qij\) ± u(q2j2) = u ; ft ± q2 = 0
Here the plus sign describesfieldabsorption (loss) by decay (summation) processes and the minus sign to coalescence (difference) processes. Decay processes
7

The elements of the third rank tensor 0 are the piezo-electric constants. /? is a function of

crystal symmetry and its main diagonal is generally zero. In particular the main diagonal elements
of /? = 0 holds for all crystals possessing a centre of symmetry[75, pl7].
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contribute to the loss according to
«il =

2A

]^J ^AL^AfdiM&h) x

Kit + *hh + 0 * M**) + "(to) " w]
where

AT^ = JV[M#)] ; #(*) = [ c * - l]"1
In decay processes, only uj(qiji) of the order of w are significant.
Coalescence processes contribute to the loss

«s

lirtfuj ^

r d3q

E j^^jA^h)^k)

fc*T . ^ 7 (2TT)

x.

2fiV (AT + l)
(o; + A i l i 2 ) 2 + 4f2
where
w(&ji)+w(ftJ2)

Here the coalescence process incorporates phonon lifetime broadening Tg-.^ so
that K^ is vahd in describing loss forfrequenciesbetween T and UJ. To re-iterate
the point as previously outlined on page 15, K\X is valid only under the condition
that the energy gap between phonon branches be less than or of the order of HT.
If this energy condition is not met other loss processes dominate.
For theoretical analysis, the phonon meanfreelifetime (or inversely, the damping T or VN (for normal processes to be explained)) m a y be defined in terms of a
dimensionless, small-order parameter[76]

kBT
p = Mu2
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The physical meaning of p is that it represents the square of the ratio
r.m.s. vibrational displacement of thermally energised lattice atom
interatomic distance
At temperatures high with respect to the D e b y e temperature QD* the case of
thermal phonons m a y be considered where they have frequencies comparable to
the limiting D e b y e frequency vm = A; B 6 D //i.
Therefore in terms of p, an order of magnitude estimate of phonon damping
gives T = pum

at temperatures T > G ^ . Thermal phonons at low temperatures

T < Q D (Orientational by energies kpT < ks^D)

have damping

r =

" "^ ©

for normal processes, and umklapp damping which varies exponentially [76] (and
is essential for describing dielectric relaxation in uniform electric fields).
Secondly, four quantum loss: this involves interaction of afieldquantum and
three phonons subject to the energy-momentum conservation condition of
uj(qiji) ± oj(q2j2) ± oj(q3j3) = UJ, qi±qi±qi = K
where K is a reciprocal lattice vector (umklapp processes).
8

The Debye temperature is defined as Q D = hi/m/kBT. From the phonon dispersion curve,

du(qj)/dq* — 0 at the Brillouin zone boundary where u = cjmo:t. The frequency interval of
the (w - q*) dispersion curve [0, um] thereby describes a passband for the crystal. The frequency
w m therefore imposes a stop-band, or frequency cut-off, above which phonons may not propagate
(exist)[92, pp85-86]. From the Debye frequency distribution (or density of states) function (i.e.
the number of phonons per frequency interval)[17, p47][176, p31]
3

9n / 2

1\

where n is the number of atoms per unit cell, v is the unit cell volume and ct and c
the transverse and longitudinal acoustic velocities in the bulk crystal.
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Since the conservation laws for three phonon processes are less stringent than
for two phonon processes, a far greater proportion of the Brillouin zone m a y participate infieldabsorption. For this reason three phonon absorption processes m a y
be comparable to two phonon processes in dominating loss under given conditions
of crystal type,fieldfrequency and temperature[76, p230].
Three phonon processes contribute to the loss as

«/« =

Anh;2UJ »-^ f dzq

u

E /^A&A&W(foOa>(&a) x

kBT £.J (2*y
[uhi ~ uiah\

where T^ (UJ) is the imaginary part of the phonon self energy (as before), which
describes phonon damping.
Lastly Quasi-Debye process arise from second order anharmonic terms. For
non-centrosymmetric crystals this leads to a frequency dependence reminiscent of
Debye's' loss formulation for which a loss contribution of

has been derived[75].
Three phonon and Quasi-Debye loss formulations are special cases of the two
phonon loss formulations following relaxation of restrictions over branch summation. This proffers the unified view that loss is described by life-time broadened
two phonon processes.
In summary, two phonon processes correspond to branch transitions in restricted regions of the Brillouin zone w h e n the branch energy gap either narrows
to meet the condition A ^ | ~ UJ or branches overlap on account of their width T.
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Three-phonon processes involve state transition among m a n y different branches
uniformly spread over the Brillouin Zone. Quasi-Debye loss corresponds to same
branch state transitions owing to thefinitebranch width T.
The specific form of the power law dependence in UJ and T for «/, for a
given symmetry point group, has been summarised in tables by Gurevich et al[75,
p736,742,745]. The tables arefirstbroadly divided into low and high temperature
response, where the ^-demarcation is defined with respect to the Debye temperature QDA further division then classes the 32 point groups according to whether they
are either of centra or non-centrosymmetric character. At low temperatures T <
QD, when only acoustic phonons interact with thefield,only two of the three loss
mechanisms m a y be simultaneously significant[75, p733]. For non-centrosymmetrk:
crystals these are Quasi-Debye and two-phonon processes and for centrosymmetric crystals the two and three phonon processes.
At high temperature (T > QD),

both acoustic and optical phonons interact

with the radiationfield.For a m i n i m u m loss estimate at high temperatures the
acoustic component can be extrapolated from its low temperature response. So
depending on the point group which selects either the two phonon-three phonon
or Quasi-Debye loss formulations, the loss estimate takes into account the phonon
energy, i.e. HUJ ~ ksT. The loss at high temperatures is however dominated by
high energy thermal phonons (uj(qj) ~ w n ) . Here, the loss estimate will retain
the low temperature frequency dependence but the normalised temperature factor
T/QD (in the tables recently referenced) is replaced with unity.

38

2.3.7 The Formalism of Gurevich and Tagantsev Applied to
alumina and zirconia
In this thesis, the study of interaction during heating, between a microwave frequencyfieldand polycrystalline engineering ceramics9, will be m a d e indirectly
from temperature-dependent FTTR-reflectance spectroscopy.
Both a microwave and far ir electromagnetic radiationfieldshave low energies hu and small wavevectors q « 0 with respect to thermal phonons <& »
q, huj(qr) > huj. The microwavefieldfrequencyof 2 8 G H z (0.98cm _1 ) in particular, will always be more than an order of magnitude less than the typical thermal phonon damping of approximately 2 0 c m _ 1 . From the Results chapter, the
Debye temperature derived from micro-induction measurements, is estimated to
be approximately 460tf for T Z 3 Y (c.f. 500 K from [125].).
These considerations then, will modify the dielectric loss estimate (due to two
phonon difference processes) to be
Klil

= AVWUJT E / 7 C TAi2bA Si* Mfa) ~ W(&2) + UJ]
jlJ2J y^J

Analysis of x-ray diffraction spectra ( X D S ) spectra showed T Z 3 Y (Tosoh) to
have the predominant intermediate-temperature (tetragonal) phase (space group
D4JJ (or P4 2 /nrac)) with a balance of the low-temperature (monoclinic) phase
(space group Clh (or P2i/b)). The pure aluminia (AL-170) is trigonal (space
group D$d (or R3c)). This data places the aluminia and T Z 3 Y into the class of
centrosymmetric crystals with points group of D3d, D^n and C2a respectively.
Using the response tables, a predicted intrinsic loss at T < Q D and UJ <C T
(i.e. microwavefrequencies)for aluminia would be:

/ T \3

UJ ^

, kBT

n

/T\'
\8^_

^ H e J ^ l n nrv + 2 He^J

UJD

'3 mol % yittria stabilised zirconia (TZ3Y) and 5 and 10wt% solid solutions of TZ3Y in
alumina.

39

and for tetragonal zirconia

„ / T \ 3 w r , kBT
( T \ 8 UJ
K7oc2/W —
— FNln - £ - +2p — )
—
\QD/ UJD
HTN
^ \QDJ uD
Monoclimc zirconia has two possible formulations according to two possible perpendicular polarisations of the radiation electric vector with respect the direction
of highest symmetry present in additional optional acoustic axes
UJ

Kj oc

"©'

riln
N •

UJD

kRT
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( ^ ) -

\QDJ

_ / T \ 3 UJ 2
kBT
«7oc2/i —
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For temperatures T > QD, the theoretical formulation of intrinsic dielectric
loss, estimates for alumina:
T UJ
Ki oc fi-^- - InV

(
OJD v
UJ

QDUD

T \
T
QDI

for tetragonal zirconia:
T UJ
Kr oc 2p^- InV
QDOJD

UJ

( T \

and for monoclinic zirconia:
r
KT oc2p—

w

/. i _,
\
fin \p +3)+p

' " V I

/

, w
—
Ul n

The above intrinsic loss formulations, at low and high temperature, and at microwavefrequencies,are not fully factorised. This is done to highlight the contribution of three (1st sum term) and four quantum (2nd sum term) processes to
the total crystal dielectric loss. One is referred to the discussion chapter to see
plots of the intrinsic loss for alumina and tetragonal zirconia at both T «< QD and
T > QD. Calculations are based upon a radiationfrequencyof 0.93cm_1 (i.e. 28
GHz)
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A n overall picture of intrinsic loss in ordinary (as opposed to ferroelectric)
crystalline dielectrics has been given by Gurevich et al[76, pp751-753]. T h e
generic character of non- centrosymmetric crystal dielectric response has a dual
factor to its dielectric loss. A Quasi-Debye loss has been identified as predominant at low temperature and frequency. It peaks at a characteristic phonon damping frequency T and then recedes until reaching a transition frequency interval.
Here, and with increasingfrequency,the intrinsic loss increases, and does so also
with increasing temperature. T h e phonon loss for non-centrosymmetric crystals
extrapolates into the thermal phonon region UJT as

UJT

~<

OJD

T>QD

kBT

T<QD

h

to give a universal value (corresponding to the m a x i m u m of Quasi-Debye loss)

p

T>QD

as shown by the plot of figure (2.7).
The generic character of centrosymmetric crystal dielectric response also has
a dual aspect to its loss factor; namely due to two and three phonon processes with
the two phonon loss being dominant at high temperature. T h e generic dispersion
curve is either linear or exponential according to the point group as shown in the
plot offigure(2.8).
Intrinsic loss in centrosymmetric crystals extrapolates to UJ ~ UJT to give a
universal value

fp
B ~ <

T>QD
=

\„(£)' T«e D
Infigure(2.8), curve (1) is an example of two phonon loss being dominant at
allfrequencieswhile curve (2) shows a transition in dominance away from three
phonon to two phonon process with increasing frequency. Frequency variation
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J
Figure 2.7: The generic intrinsic-loss dispersion curve for non-centrosymmetric

crystals. T is the characteristic damping for thermal phonons with frequencies of
the order of fir-

B

£

Figure 2.8: The generic intrinsic-loss dispersion curves of centrosymmetric crystals. Curve (1) shows a near-linear dispersion response. A n example of this is
the point group C^,. Curve (2) shows exponential dispersion response. This is
characteristic of alumina for example (point group D3d).

Once again T is the

characteristic damping for thermal phonons with frequencies of the order of QT.
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Value of n

Transition inc.' - r dependence with decreasing UJ

n>2

Tujn -> T2UJ

71=2

Tuj2^rT2uj\n\ri-1\

n<2

Tu2 -> T"o;

Table 2.1: Table after Gurevich et al[76, p752]. R o w 1 describes a two phonon
->•three phonon transition loss character. R o w s 2 and 3 describe variation of the
OJ — T dependence of two phonon processes.
on the dispersion curves generally follows changes in temperature and frequency
dependence of the loss[76, p752]. T h e following table summarises the frequencytemperature dependence in KI for decreasing frequencies at high temperature. The
theory of Gurevich et al is able to describe loss dispersion over the whole frequency domain (i.e. w « r , u ~ r and UJ » Y).
In closing this section on the theoretical consideration of interaction between
a radiationfieldand solid crystalline dielectric (particularly on the formulation of
KJ), a key feature has emerged. It is the role of the mechanics described by the
Many Body theory. In the work of Vinogradov (in particular), the M a n y Body
theory has proved to be a c o m m o n basis for the development of a quantum m e chanical treatment of dielectric-electricfieldinteractions by Cowley, Maradudin
et al and Gurevich et al. It has resulted in the formalism of Gurevich et al in particular to have achieved an analogous universal law, particular to purely resonant
systems, to what Dissado, Hill and Jonscher achieved for dielectric loss in systems governed by relaxation mechanisms. The result of the M a n y Body theory
is most explicitly seen in generating the diagrams used to s u m the series terms in
the perturbation expansion of the anharmonic Hamiltonian generated by Dyson's
equation. Like Jonscher, Gurevich et al note the inability of Debye theory to fully
account for the broad OJ - T dependent loss behaviour of dielectrics generally.
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Just as low frequency loss phenomena departed from the Debye expression to a
universal power law (e.g. A.7a and A.7b of the M a n y Body theory) formulation,
so too resonance phenomena depart from descriptions by a damped harmonic oscillation model to a universal power law of analogous form to Dissado and Hull.
Gurevich et al generally prescribe a response character in frequency from their
tables to give
Ki oc ujn, n : n € [1, 5]
for a crystal possessing a given symmetry point group. Even where n = 1, for
certain crystal groups in certain frequency domains, the damped harmonic oscillator may not in general be used to estimate the temperature dependence of the
loss.

The Role of Defects Upon Formulations of

KI(OJ)

Imperfections in crystals

broadly incorporate defects of various order (dimension). Point defects in the
crystal lattice, due to say impurity atoms or vacancies, are zero order (OD) defects.
A dislocation axis in the lattice would therefore represent a linear (ID) defect,
while stacking fault planes, block and grain boundaries (and free surfaces) [131,
p246] represent second order or planar defects. T w o modes of loss have come to
be attributed to defects[76, p756]. These are either direct or indirect. Direct loss
due to defects, o w e to localised phonons generated at the radiationfieldfrequency,
and are temperature independent. Indirect loss is associated with both the defect
and its locally-induced, evanescent phonon field.
O D defects m a y be charged or uncharged. If charged, microwave coupling is
described by the afore mentioned defect-induced one phonon (Restrahl) absorption and m a y be directly driven far off resonance by the microwave field. The
associated localised normal m o d e phonons of microwave frequency m a y derive
from weak surface bonds or OD clusters[14]. Such defects are prominent in the
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engineering ceramics (polycrystalline ionic solids) under study in this thesis and
are at their highest concentration in their green pre-sintered state.
Charge imbalance can arise from a number of mechanical sources that create
lattice vacancies. Free surfaces, grain boundaries and dislocations are most common, with some role also potentially played by transition metal impurities. It is
these, which are significantly associated with the point defect mobility driven by
the high energy tail of the non-thermal phonon distribution, that giveriseto the
low temperature sintering characteristic of engineering ceramic during microwave
heating[14,pl88][15].
The treatment of the effects of crystal imperfection represents an extension
to the analytical treatment of handling phonon-phonon scattering as developed
in the formulation of Greens' functions by Elliott[50], Lifshitz[130], Lifshitz et
al[131] and Maradudin[140]. Their work has most recently been reviewed by
Balkanski[5, p626], and Reissland[176]. O D , I D and 2 D defects generate local, non-propagating, phonon modes that interact with the bulk phonon spectrum.
The defect, plus its environment of localised phonons, act as scattering centres
to the phonon modes of the remaining ordered crystal. If the defect concentration increases appreciably, additional account must be taken of impurity-impurity
interaction[176, p220]. The general procedure is as before, where the modification of the dipole m o m e n t term in the anharmonic crystal Hamiltonian is calculated separately for each order of defect in terms of Fourier-transformed Greens'
functions. Having obtained corrected dipole matrix operators, the susceptibility
may then be appropriately augmented. Ultimately the absorption co-efficient is
sort from the dielectric susceptibility expression since the experimental absorption
spectrum is directly the frequency response (dielectric function) of the lattice.
Theoretically though, even the simpler systems such as isotopic (OD) impurities in simple cubic symmetry, and only involving at most the cubic anharmonic
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potential, leads to very complex solutions for which it is impractical to get exact
numerical solutions[141, p54].
The most recent quantum mechanical analysis of Gurevich (et al), formulates
the effect of defect-induced loss in centro-symmetric crystals and mostly for T

<

QD- For neutral O D defectsfirstly,the effect of non-centrosymmetry is described
by the interaction energy U of the crystal strainfield/zjmwith thefieldE as
U =

BiimEiPim

since B is a third rank tensor. A n y introduction of an impurity leading to B = 0
will giveriseto direct loss (i.e. as in defect-induce one phonon absorption). U
is used as a perturbation Hamiltonian from which the power absorbed per defect
is readily derived. A s with earlier researchers, they too for the sake of simplicity,
develop analysis for cubic symmetry and derive a generic loss of the form
KT~cxdan(—Y

(2.29)

\UJDJ

where n permits extrapolation to I D and 2 D defects (i.e. O D defects set n = 3,
I D defects have n — 2 and lastly 2 D defects have n = 1. The term ad denotes volume, surface and linear defect densities. For a significant concentration,
equation (2.29) shows 2 D defects to dominate for n = 1 (i.e. linear frequencydependence).
Charged O D defects also contribute a loss factor proportional to OJ. The loss KI
depends on the defect motion (as driven by E) and upon the subsequent phonons
generated. The degree of correlation between charged O D defects can be of significance to Ki so that
e2
Kj oc nd—UJ,

(2.30)

pv
where nd is the O D defect concentration, e 2 the electron charge, p the crystal
density and v the unit cell volume. Equation (2.30) assumes that the average
separation between defects is greater than the wavelength of acoustic phonons.
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Contrary to direct loss from O D defects, indirect loss from I D defects is
greater than due to 2 D defects. For the acoustic phonons associated with a I D
defect, each branch is Orientational by the radiation wavevector q being parallel to the fine of dislocation and qa «C 1 (where a is the reciprocal of a lattice
parameter). Under these conditions at T < Q D the loss follows as
T

ujTd

2

where Td = rdx (rd is the characteristic relaxation-time of the localised phonons).
The formulation of indirect loss arising from 2 D defects and T <C QD has in
a similar form to indirect I D losses and is given by

TV uiT„

"(ei
The main contribution to Td is from bulk phonon-scattering from the localised
phonons associated with the 2 D defects, and has a T ° temperature dependence.
Forfrequenciesojra <C 1, «/ ~ 1/T. Defect-induced losses at T 3> QD are
obtainable from T «C Q D and result in the factor ( T / Q D ) n being replaced by
unity.
Some key observations are that intrinsic Quasi-Debye loss exceeds defectinduced Quasi-Debye loss since the bulk-phonon concentration exceeds that of
impurities while the low temperature frequency dependence (T < Q D ) is identical.
Alternative analysis for most point groups among centrosymmetric crystals
reveals a higher power law dependence in frequency and temperature that leads
to extrinsic losses exceeding intrinsic losses. This follows directly from the pure
crystal being centrosymmetric while the imperfect is not.
Phonons localised near O D defects have a relatively large energy hojD(q,j),
therefore, in not being excited at T -C Q D they do not lend a significant contribution to KI(UJ). However at T >• G o , the lack of a centre of symmetry for the
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defect and its associated local phononfielddoes lead to a substantial loss with

KI

ujTd

,

~ "i^Tff

-0

Another form of indirect loss due to defects is related to multi-phonon loss
processes due to the bulk phonons. The defects constitute additional centres for
phonon scattering. OD-scattered acoustic phonons have an estimated relaxation
time[76, p6] of
4

-1
sf^X
rd ~ ndujDar .UJD,'
I—J

where u is the phonon frequency (for thermal phonons UJ = OJT). The condition
of Td < TN precipitates a two step dielectric relaxation. Due to O D scattering,
the first stage relaxation has the phonon distribution function (as a function of
phonon frequency), deviating substantially from the Planck curve. The second
stage sees this deviation relax due to umklapp processes. Overall, defects contribute greater loss at lowerfrequenciesso that one further role of defects is in the
so-called two level system (as previously developed in an earlier section on the
Many Body theory of Dissado, Hill and Jonscher). These are characteristic of the
amorphous state, and of highly disordered crystalline solids. The model sees a
system of correlated atoms residing in a double-well potential. Quantum configuration tunnelling was described as a means whereby the system reconfiguration
could transverse the energy barrier to reside in the adjacent energy level.
Resonant and relaxation losses belong to two level systems. Resonant loss
contributes
OJ
KI OC

—;

huj <

k BT

At highfrequencies,relaxation losses contribute in proportion to T3. The level
of loss-contribution from resonance and relaxation mechanisms is proportional to
the concentration of the two-level systems. At very low frequencies (< 1 G H z )

48

the combined role of defects leads to ubiquitous power law dependence observed
by Jonscher (i.e.

KT(OJ)

oc OJ8 such that [0 < s < 1]).

O D , I D and 2 D defects lead to local phonon modes that interact with the bulk
phonons of the ordered crystal and behave as scattering centres (i.e. as additional
sources of anharmomcity).

2.4 Fourier Transform Infrared Spectroscopy
This section is focused upon from a broad background of techniques for measurement of the complex refractive index m = n ± ik of a material. A n earlier stated
concern of the thesis was to trace sources of measurement error in the various
techniques. Infrared techniques are specifically discussed here. Issues particular
to microwave techniques are addressed in Appendix A.3.
B W O spectroscopy is an instance of conventional (i.e. frequency domain)
spectroscopy which records the spectral intensity I(v) of a source. The transmittance T(v) and reflectance R(v) m a y be synchronously constructed by sweeping
the frequency of a tunable source. Such immediate and direct spectral measurement is not possible at infrared (ir) or high frequencies (10 12 — IO 1 5 H z ) because
the response time of present detectors (transducers) is too low. IR spectral intensities are therefore measured in the time domain by modulating the source signal to
frequencies registerable by the thermal detectors used in B W O spectroscopy (i.e.
the germanium, carbon and super-conducting bolometers or, the pyroelectric and
optical-acoustical (Golay cell) detectors).
The Michelson interferometer is to be described since instruments of this type
(Polytec and B o m e m ) were available for this work. The Michelson interferometer
achieves high frequency modulation of an optical (high pressure H g lamp) or ir
(glowbar) source to frequencies detectable by either a Golay or Bolometer by a
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Schematic of a Michelson interferometer
illuminated by a monochromatic source.

Figure 2.9:figure6-34 in C h 6 of Instruments for optical spectroscopy
travelling mirror.
Mirror translation causes periodic modulation of the spectral intensity. The essential effect of mirror translation is to introduce a retardation, or time-dependent
difference 8, in the distance covered by the source signal of amplitude A0 after
it has been divided into two separate b e a m paths (arms). T h e amplitude A of a
spectral component in the superimposed reflected signals meet back again at the
beam-splitter is[97]
^

_

Ap ci{q-r-ut) _|_ A&ei{q-(f+6)-wt)

—

Ao.ei(q-f-ut) . A _|_ ei\q\S\

The detector registers an interference signal of modulated spatial intensity 1(6)
versus 8, thus

1(8) = AA* =
-

" (l + eiq-5) • (l + e-iq6)
4 '
A2
4'a (2 + 2 cos (q8))

W h e n considering 1(8) as the s u m of all spectral components and taking the
limit of a sum approaching an integral, then

m=r^idq+rmacos{qS)dq
JQ

Z

JQ
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I

(2.31)

Ideally 1(8) is symmetric for 8 = 0 so that
/•OO

1(8) = / A2dq
Jo

(2.32)

and is interpreted as the zero reference level for 1(8) versus 8. B y (2.32), (2.31)
becomes

/(8) = 21(8) - 1(0) = r B(q) cos(q8)dq

(2.33)

Jo
where B(q) = A\(q). l'(8) is the experimentally recorded interfera gram and is
the Fourier Cosine transform Fc of B(q). The inverse Fourier transform F~l of
1(8) therefore yields B = B(q) so that the Michelson interferometry is alternatively known as the Fourier Transform Infrared spectroscopy (FTTR).
In general the frequency registered at the detector u0 is d o w n from the source
frequency v, They are related through the interferogram since one period of the
signal corresponds to a mirror travel of 8 = A/2. The mirror is designed to travel
at a constant velocity um so that umt = A/2 where t is the time taken for the
mirror to cover a distance 8. The detector frequency uD = l/i = 2itm/A is
therefore related to v by
v
VD = 2uma = 2umwhere o (= 1/A c m

-1

[Hz]

c
) is the reciprocal wavelength or wavenumber.

The preceding outline of FTIR spectroscopy reveals two key aspects that render it inferior to B W O spectroscopy in deriving m(uj) and hence

K(UJ).

The first

is that the spectral intensities R(a) and T(a) are one stage removed from direct
measurement by the operation F'1 {1(8)}, where 1(8) is necessarily the spectral
quantity directly measured (since as previously outlined, detector-responsivity of
the source signal is not presently immediately realisable experimentally at ir and
opticalfrequencies).A corollary to this experimental restriction in direct measurement of R(a) and T(o) is that their determination by F c _ 1 {1(8)} cannot ideally
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be undertaken over the semi-infinite interval (0, oo) of integration. The interval
of integration is instead practically confined to the sub-space of the mirror travel;
aside from this is thefinitefrequency response of the detector. To compensate for
the fact that the recording of 1(8) is abruptly terminated at the terminus of mirror travel, an apodising function is applied to mathematically correct for artificial
side-lobes that are generated at the base of spectral features in B(q).
The second feature of F T I R spectroscopy that is inferior to B W O spectroscopy
in determining k(u), is that the spectral phase difference for transmission <p and
reflection ip also, cannot be directly measured. Instead tp and (p are twice removed
from 1(8); for once either R(o) or T(o~) have been derived their phases must be
mathematically obtained from using their respective K K integral transformation •;.
Unlike B W O spectroscopy there exists no phase bridge network whereby adjustment of the source phase m y be m a d e to obtain a null detector reading.

2.4.1 Determination of m(u)
The derivation of m(uj) from R(cr) in particular will be considered. Measurement of (R, tp) (to be described in chapter 3), proved to be more practical for
high temperature studies. The engineering ceramic powders, of ~ lpm particle
size, proved' to be efficient absorbers at ir and optical frequencies making T(a)
largely impossible. Preparation of polished thin sections from ground off-cuts of
a sintered cylindrical bulk had similarly low T(cr) properties to its powder.
Having measured R(a), ijj(a) is calculated in terms of the power reflection
coefficient
f(cy)f*(a) =

R(a)

when at normal incidence (9 = 0), r\o=0 = r±\e=0 = r|||e=o so that
r(<j) = ^1 = roeW (2.34)

ra + 1
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where f± and f\\ are respectively the perpendicular and parallel polarised reflectivities and r 0 = \r(a)\ the reflectivity amplitude.
With (2.34) alternatively expressed as
ln|f(a)| =\n\r(o)\+iO(o)
the causal reflectance response (R, tp) may be resolved into its R(a) and ip(o)
components using the Kramers-Kronig transforms [228]

ln|r(^)| = iJS.jQd*

(a)

*{°i) = -if-J-^do
As for the dielectric function

K(UJ),

(b)

f(a) has crossing-symmetry f(—a)

=

r*(a) so that the Cauchy integral, taken in the sense of its principal value, m a y be
taken over positive wavenumbers. The phase (2.35b) m a y then be written
/•oo ln
ln\r
\r fa'j
(a I
V
i/> (a3) = -4co- /
"do
(2.36)
2
Jo a - aj3
where Oj is the spectral element in the derived spectral term, R (o~3) or ip (o3),
constructed using the entire spectrum a in the integrand. In experimental analysis
(2.36) is commonly expressed as

^M^r'°iw4

(2.37)

1

7r Jo

aj — a

However in the analysis of chapter 4, (2.37) will be solved according to the practice of Andermann[3] w h o obtains
=
J

2a, j* HrMI-hlrfa)^
TT Jo

0j

(238)

-a2

since this offers three distinct advantages over (2.37). Firstly, the integral is always
finite. Secondly, the direction of the required variation in limiting values of n =
(1 + r)/(l — r) spectrum m a y be predicted to assist in reflectance wing correction
and, thirdly, (2.38) results in m i n i m u m distortion of ij> (aj).
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With if) (o-j) n o w derived from R(a), m is readily obtained from solving (2.34).
Thus
n{<T)

1 - 2r(a) cos (ijj(a)) + r(a)2

k(a) =

2r(a)sm(iP(o-))
l-2r(a)cos(^(a))+r(a)2

(239)

and
K)

{ZAU)

«(ff)follows from the definition m = Jk(a), which has been simplified for nonmagnetic materials, so that
KR{O~) = n2(o) - k2(o)

Ki(a) = 2n(a)k(o)
Calibration for FTTR reflectance spectroscopy is as for BWO spectroscopy. A
mirror or perfect reflector, such as highly burnished brass or aluminium, is used as
the reflectance standard against which the sample reflectance is spectrally ratioed.

2.4.2 Experimental Error in k(cr) following FTIR Reflectance
Spectroscopy
According to Calvani et al[25], w h o used a Michelson R l IC interferometer (100500 cm~l) and a B o m e m D A S rapid scanning interferometer (400—20,000 cm-1),
uncertainty in R(a) is typically approximately 1 - 2 %. Spitzer et al[196] otherwise employed a Perkin-Elmer single beam double-pass spectrometer using
prisms of NaCl, CsBr and Cai, to measure the near-normal reflectance of single crystal quartz with an error of ~ 1%. They estimate the K K analysis to give
k accurately to better than 1 0 % for k > 0.1. In another of the single crystals
of BaTi03, SrTi03

and TiQ2, Spitzer et al[197] measured the room tempera-

ture reflectivity from 70-5,000 cm-1 and derived oscillator parameters from K K
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analysis. These oscillation parameters were used in dispersion analysis to extrapolate Ki(uj)extt0 microwave frequencies where it was found «/(a;)ea;t agreed to
within 1 0 % of Kj(uj)mw, the loss from direct microwave measurement.
Petzelt[170] however reports an uncertainty of ± 3 0 % in At/(o;)e:Et and ~ ± 5 %
in KR(oj)ext for « R ( ^ ) < 70 in low loss super-conducting ceramics. T h e errors
pertain to R(a) in the domain 30 — 3,000 cm"1

of sintered, plainar-ground and

polished samples. T h e dielectric response w a s evaluated by K K analysis and by
a classical oscillatorfitto R(o). A comparative B W O spectroscopic study gave
AKR(OJ)

= ± 2 % and A« 7 (u;) = ± 5 - 1 0 % . In an earlier study Petzelt et al[171]

estimate the accuracy of extrapolated KR(uj)ext to be ~ 3 0 % (compared with a
T(a) measurement error of 5 % ) .
In thefirstreported application of F T I R reflectance spectroscopy ( 5 — 4 , 0 0 0 c m - 1 )
to dielectric analysis of microwave ceramics

10

, Wakino et al[218] reports the

calculated dielectric constant to be ~ 4 % greater than directly measured values at microwave frequencies. In commenting on their work Petzelt [167] notes
that AKR(OJ)

= ± 5 % remains within the limits of accuracy of F T I R reflectance

spectroscopy. A«/(a;)ea;t however, underestimated directly measured microwave
losses by 2-3 times. Kudesia et al[123] similarly note calculated estimates of
AKi(oj)ext from an dispersive oscillator model, to underestimate /c/(cj)mtu.
Generally however, analysis of ir spectra tofirstorder is enhanced by the combined treatment of K K analysis and classical dispersion theory which together
reduce computational sources of error. T h e ir reflectivity approach to dielectric
spectroscopy has solely been applied to microwave and not engineering ceramics,
for which it has been found that KR(UJ) estimates are given at microwave fre10

Microwave ceramics by comparison with engineering ceramics have high KR(U) that facil-

itates the reduction of electronic components (e.g. dielectric resonators in integrated circuits) to
small size (oc 1/-^KR(U>)). They are practically temperature-independent in K R ( W ) to ensure
stability at resonance and have a low «/(u>) to ensure a high Q (IO3 - IO5)
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quencies, it may fail in estimates of KJ(OJ). This is to be dealt with in detail in
the following section on experimental application of polarisation theory. Despite
this, AKi(oj)ext from the oscillator modelfittingof R(a), leads in m a n y cases
to a better than expected microwave loss estimate than is expected from microscopic theory[167]. Petzelt [167] also notes F T I R reflectance spectra to be less
sensitive to material preparation procedures (provided the theoretical density of
the compact exceeds 9 5 % ) than are B W O , sub-millimetre ( S M M ) and microwave
spectroscopies (i.e. coaxial probe and cavity perturbation).

2.4.3 Amplitude Spectroscopy
All papers describing loss estimates at microwave frequencies from extrapolation
of an oscillator function m a d e tofitR(a), have used the Michelson interferometer in the power Fourier Transform Spectroscopic (FTS) configuration. H o w ever Chamberlin[27], Bell[8], Russel[178] and Sanderson [184] report the alternative F T S configuration of amplitude spectroscopy that is unique to the Michelson interferometer[8]. This configuration of Michelson interferometry directly
measures m without recourse to any physical model or K K analysis.
The usual operation of Michelson interferometry has the sample after the recombined beams from the b e a m splitter; this is power F T S . Amplitude F T S however replaces the stationary Michelson mirror with the sample. T h e effect upon
analysis with the sample replacing the stationary mirror is that the inverse complex Fourier transform F~l of the interferogram is the product of -r*(o), the
complex reflection amplitude (or amplitude reflectance) and, B(o). A s given earlier, r2(o) = R(o) is given as Eref • E*ef so that in (2.34) the amplitude r(a) is
defined as the ratio of the reflected electricfieldErefto the incident electric field
Einc and not as the ratio of intensities (i.e. power flux). T h e derivation of rh
follows a similar procedure to the previous development for power F T S .
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The principle of superposition obtains Eref in terms of 8 and a as
Eref(8,a) = E(a){r(<r) + ei^''S+*)}
The resultant spectral intensity is therefore
fl

(*'*) = (2 41)
£inc(<r)f {l + Rip) + ro(v) [e*2™s+«-^ + e-i[2™>+*-^)]]}

Integrating11 (2.41) over all spectral terms, the intensity signal versus mirror
displacement 8 is
I (8) = r da \Einc(a) * {1 + R(o) + 2r0(a) cos
J — 00

[27TCT5

+

TT

- 1>{o)]} (2.42)

'

For large 8, cos [2ncr8 + n - i>(o)\ oscillates at high frequency and averages t
zero so that (2.42) is more simply
/oo -• 2

dorQ(o) Einc(a)

cos [2ir<r6 + ir - 1>(<r)]

(2.43)

-00

With (2.43) in exponential form[8]
-f *(a)B(ff) = i°° [I (8) - / (oo)] e~2™sda (2.44)
J — 00

B(a) may be obtained by replacing the sample with the mirror and recording

the interferogram Im (8) for the mirror. Taking the ratio J (8) /Im (8) then giv

f (a) ~ riMe-™ = F~^I^-I^\ (2.45)
r (a) - r0[a)e

F'^ {Im (8) - Im (oo)}

As before m may be computed from (2.44) by defining its real and imaginary
parts to be P(o) and Q(o), thus
P(a) - iP(a) = f°° [I (8) - I (oo)] e~i2^sdo
J—oo
u

Negative a are included in the integral to conserve energy between / (8) and B
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so that
/oo

[/ (8) - I (oo)] cos (2no8) d8 (2.46)
-oo

and
/oo

[/ (8) - I (op)] sin (2na8) d8 (2.47)
-00

From equations (2.46) and (2.47)

Q(°)

ijj(cr) = 7r + arctan

P(a)

2.5 Experimental Determinations of K(LJ)

This section reviews explicitly experimental estimations of microwave loss th
have been extrapolated from infrared and m m wave spectroscopy. Materials research concerning the application of m m and ir spectroscopic techniques, to the
study of mechanisms of microwavefieldabsorption by crystalline dielectrics, is
summarised in Tables (2.2) and (2.3).
A casual observation of Tables (2.2) and (2.3) reveals low-temperature, singlecrystal studies to constitute the earliest activity and at the bottom of Table (2.3) in
particular, the lack of high-temperature studies of polycrystalline materials. The
year-entries in bold type face in the tables indicate those works concerned with the
microwave character of the materials. These occur from the mid 1980s onward,
and are coincident with the emergence of mass-produced commercial microwave
cavities for industrial and domestic microwave heating. From the second world
war till then, microwave techniques were devoted to communications and remote
sensing. The lower part of Table (2.2) is largely given over to methods of exact
fitting of infrared-reflectance data using a semi-quantum mechanical analysis. The
papers listed there are given for their relevance to the ir data analysis undertaken
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Single Crystal - L o w Temperature [4 - 300 K]
Group [Ref.]

Material

Analysis

Year

[195]

SiC

classical

1959

[117] ,

CaP

classical

1960

[196]

BaTi03,SrTiOb,Ti02

classical

1961

MgF2,ZnF2

classical

1964

[200]

alkali halides

quantum

1965

[136]

alkali & thalium halides

semi-quantum

1971

[124]

GaAs

quantum

1973

[49]

NaCl

quantum

1977

[193]

alkali halides

quantum

1982

[201]

NaCl, KI

quantum

1986

[76]

quantum
Al203, alkali halides, SrTi0
3

1991

[132]

LiF,CaF2, sapphire

classical

1993

[7]

Single Crystal - High Temperature [~ 300 - 1800 K]
Group [Ref.]

Material

Analysis

Year
1971

[136]

alkali & thalium halides

semi-quantum

[182]

calcite

classical & quantum 1971

[68]

a — quartz

classical

1972

[69]

ZrSiOA, LiAlSi20G

semi-quantum

1973

[66]

Al203,Ti02

semi-quantum

1974

[67]

Ti02

semi-quantum

1974

[70]

LiTiOz

semi-quantum

1978

[188]

BaTi03,

semi-quantum

1980

[212]

Type 2diamond

classical & quantum 1990

[132]

LiF,CaF2,Al203

classical & quantum 1993

KNb03

Table 2.2: Collected studies of single crystal ir response.

59

Polycrystalline - L o w Temperature [4 - 30ORT]
Group [Ref.]

Material

Analysis

Year

[136]

alkali & thalium halides semi-quant.

1971

[219]

Ba(Zni/3Ta2/3)03, etc

classical

1985

[218]

Ba(Zn, Ta)03,

classical

1986

[169]

Al203,

classical

1989

[212]

Beryllia

classical/quant.

1990

[171]

microwave ceramics

classical

1992

[123]

Zr02,Ti02,Si02

classical

1993

[55]

BaO,Ti02,REOx

semi-quant.

1993

[170] '

microwave ceramics

classical

1993

[181]

Ba(Mg1/3,Ta2/3)03

semi-quant.

1993

[207]

complex perovskites

classical/quant.

1993

[56]

BaSm2TibOu,

classical/semi-quant.

1994

[168]

microwave ceramics

classical

1994

[122]

Al203,MgO

classical

1995

[235]

Ba(B1/2,By2)03

classical

1995

[234]

Ba(Bl/2,Blj2)03

classical

1995

[162]

n - Al203

clas sical/semi-quant.

1996

[167]

microwave ceramics

classical

1996

BaZr03

REOxceramics

etc

Polycrystalline - High Temperature [> 300 K]
Group [Ref.]
[170] .
This Thesis

Material

Analysis

Year

microwave ceramics

T < 600 K classical

1993

engineering ceramics :

clas sical/semi-quant. 1997 -1999

Al203,TZ3Y

300 < T < 1200 K

Table 2.3: This table is a companion to Table (2.2). Papers that infer microwave
loss from ir response have their year entry emboldened. (In tab\e,RE - Ro^e
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this thesis. T h e entries forming the top of Table (2.3) are listed for the same
reason.
The research is grouped into four broad areas demarcated according to whether
the study concerned single or polycrystalline material at either high (> 300 K)
or low temperatures ( < ~ 300 K). T h e table highlights low temperature single
crystal studies to generally constitute the earliest activity. Those encompassing to
microwave research are emboldened.
A key point from the tables is that apart from A l 2 0 3 (which serves as a
dielectric measurement

standard), no engineering ceramics have ever (to the

best of the author's knowledge) been the subject of high temperature-ir studies
to date, for the purpose of deriving an extrapolated estimate of microwave loss.
With the advent of high speed computing and the availability of highly sensitive thermal detectors (e.g. liquid helium and nitrogen-cooled germanium bolometers), in late 1950 to early 1960, Spitzer in particular pioneered therigorousapplication of dispersion analysis, as based on the classical oscillator model, to measure the optical and infrared properties of SiC, ZnO

and GaP

by thefittingof

their reflectance spectra. For want of machine computing, the application of classical dispersion theory was too complex, even for simple, single-band reflection
spectra12.
However by 1960, the validity of classical dispersion theory had been established for the reflective band spectra of simple-single crystals, in which the
measured reflectivity could befittedto within an experimental error of 1%[196,
pl325].
This result formed the basis upon which classical oscillator dispersion theory
l2

A brief historical appraisal of the qualitative application of classical dispersion theory, as as-

sociated with the names of Helmholtz, Lorentz-Lorenz and Drude, is provided in the introduction
of the 1961 paper of Spitzer[196J.
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Frequency

KK

Best Dispersion

[GHz]

Exper.

analysis

fit

BaTi0 3

24

1.2 x IO" 1

0.6 x 10" 1

0.6 x IO" 2

BaTi0 3

56

1.3 x IO" 1

1.4 x IO" 1

1.4 x 10~ 2

SrTi0 3

22

1.5 x 10~ 3

4.2 x 10~ 3

2.5 x IO" 3

Ti02

3

3.0 x 10~ 4

3.7 x IO" 4

1.8 x 10~ 4

Table 2.4: Table of results from Spitzer et al[197] comparing the degree of approximation, then obtained, in estimating microwave loss tangents from ir data.
Comparison is m a d e to microwave losses measured directly at microwave frequencies.

was extended later that same year, to the analysis of complex spectra (as provide
by quartz), for thefirsttime. In the following year Spitzer et al[197] reported
the application of the classical oscillator dispersion analysis to complex spectra
of barium and strontiumtitanateand rutile (Ti02), which possess a characteristically high value of e0. A n additional key and novel feature of the analysis
was the extrapolation of the behaviour of the dielectric factor attained in the infrared domain, to lower-lying microwave frequencies. A table of results from this
classic paper is partially reproduced to convey the degree of approximation then
obtained by comparing the estimated microwave loss from the infrared response,
to microwave loss measured directly at microwave frequencies.
These two seminal papers together formed the motivation of a m u c h later key
paper by Wakino et al[219]. In it, he extended the degree to which classical harmonic analysis might have applicability for estimating the microwave loss character of complex perovskites. This paper precipitated the publications listed in the
top part of Table (2.3).
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Experimental Limitations of Classical Oscillator Analysis
Spitzer[196, pl327] gives a prescription for a satisfactory dielectric measurement
that applies a (classical) oscillator analysis. H e says,
A dispersion analysis is successful if it fulfills the following requirements: (a) Within the wavelength region of interest the theory should
fit the data within reasonable estimates of the experimental error.
(b) The number of oscillators used is the m i n i m u m number that the
data requires, (c) The dispersion Parameters are uniquely determined
within reasonable uncertainties by the requirement offillingthe data.
The optical properties of quartz were measured in both the reflective and transmission m o d e of the interferometer. Reflection measurements for both O and E
ray rays13 were made. With the assistance of K K analysis to the classical oscillator
model, an excellent O ray R-fit, and very good E ray R-fit, were obtained. In contrast, the fitting to the transmission spectra was very poor. Very strong absorption
indicated by high (> 8 0 % ) reflectance bands m a d e transmission measurement impractical. In this fact, Spitzer notes[196, pl331] h o w a severe test is applied to the
accuracy of obtaining the dispersion parameters in the analysis of the reflection
spectra w h e n comparing measured and computed transmission.
In the second paper[197] on the far infrared dielectric dispersion of

BaTi03,

SrTi03 and Ti02, Spitzer et al fail tofitall reflectance spectra according to their
own prescription. N o matter h o w the oscillators were adjusted, or additional ones
introduced, no overall improvement in accuracy could be achieved[197, pl717].
It remained for A n d e r m a n n et al[3] and Barker et al [7] to enhance certain aspects of the classical dispersion theory that carried it to its analytical limits. With
13

Ordinary (0) ray: has the electricfieldpolarised perpendicular to the optic axis of the crystal.

The extraordinary (E) ray is therefore polarised parallel to the optic axis.
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these improvements Barker re-analysed the spectra in the 1962 paper of Spitzer
and achieved a greatly improved overallfit,particularly in regions of square-edged
reflectance on the low energy side of reflectance bands. Andermann et al in particular contributed to the improvement of the complementary procedure of K K
analysis. K K analysis assisted dispersion analysis by providing accurate initial
dispersion parameters to be used in the least squaresfittingof reflectance spectra.
Spitzer had m a d e the comment[196, pl325] that very little was k n o w n about the
accuracy of the dispersion parameters derived from the method of K K analysis.
The particular form of Kramers- Kronig analysis in the context of Fourier
transform spectroscopy, provides the inter-relation (conjugate transform) between
the power reflection coefficient R(OJ) of the b e a m and the relative difference in
phase angle ip(oj) between the incident and reflected beam. In principle then, two
pieces of information R and ij> are obtained from one measurement (i.e. in that of
R), as given by equation (2.38)

IT Jo Ujf — OJ1

In practice however an infinite spectrum cannot be measured. The experimental truncation of the infinite integral is the source of numerical error in tp(u) which
carries through to derivations of the complex refractive index
m(uj) = m (R(OJ),IJ)(UJ))

and complex dielectric constant
K(UJ) = K [n(R(u), t/f(u)), k(R(u), if>{u))]
The paper of Andermann et al[3] is therefore devoted to deriving the most accurate
optical constant data through appropriate integration of the K K integral transform.
What appropriate means is, h o w does one augment experimental data beyond

64

measurement limits by the addition of artificial (i.e. mathematical) wings that
operate to cover the infinite domain of integration?
Andermann reviewed the inappropriateness of past practices and in particular
that practice borrowed from T h o m a s and Hopfield[210] in which Spitzer forces
k(oj) to be zero at certain specific frequencies. This however imposes a severe
restriction on k(uj), where it m a y be appreciably greater than zero, with the result that serious distortions are introduced in the integration at other frequencies.
Spitzer therefore notes his K K procedure to be conditionally accurate to better
that 1 0 % provided k > 0.1. The solution of Andermann et al is to partition the
integral (2.48) into the s u m of three terms

ifffa) = ? ^ ( fUL f (R(u)) du + r (R(UJ)) du+ [°° f (R(UJ)) dw)
7T U O

JuL

Juu

J

The middle integral term is the K K transform applied between the upper and
lower limit of experimental measurement. Thefirstand last terms are respectively
the low and high artificial wing extensions which are modelled upon undamped
harmonic oscillators. Trial adjustment of spectral weights, used to generate reflectance wing data R(u), result in wing additions that give a near-equivalent K K
result to that given if outer-lying, unobserved bands had been included in the integral domain of the middle integral. That is, the wing behaves as if it were aware of
the presence of 'unobservable' resonances lying outside the measurement limits.
Such behaviour was tested by Andermann et al on synthetic (artificial) reflectance
spectra that was qualitatively similar to experiment spectra of Spitzer. The more
direct improvement in thefitto the reflection spectra of Spitzer came with Barker
et al [7] employing a classical approach to incorporating coupling a m o n g optical
modes.
In acknowledging the work of Vinogradov and Maradudin etc, Barker notes
that the classical harmonic oscillator model is constrained by independent normal modes and frequency-independent resonant damping. The ability of quantum
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mechanical analysis to describe h o w an energised crystal m a y dissipate energy in
order to relax to an equilibrium state, naturally appears through the introduction
of anharmonic terms in the Hamiltonian which describe cross modulation (mode
coupling) of phonon modes. Barker manages tofitthe spectra of BaTi03 and
K T a 0 3 by a classical coupling of two T O phonon modes. Reflectance measured
as a function of temperature will introduce an additional frequency dependence
into the damping factor 7(0;, T). Determination of the frequency dependence of
J(UJ, T) requires knowledge of the phonon density of states of the crystal and the
nature of anharmonic coupling. This spells the limit of the classical harmonic
oscillator model in dispersion analysis of reflectance spectra.

Experimental Treatment of Frequency-Dependent Mode Damping
The absorption coefficient /3 =

(47TKUJ)

dence with the damping factor 7 of 7 ~

which has a relative frequency depen-

(5/OJ,

requires a multiphonon description

to describe photon absorption (i.e. in regions of reflectance off from restrahl absorption).
One method of describing multiphonon processes is described by T h o m a s et
al[212,211] w h o employ the Morse interatomic potential14

U(r) = D{l-e-a{r-ro)
to generate terms of the anharmonic potentials to all other orders. The term D is
the dissociation energy, r 0 is the equilibrium position vector and a =

OJQJP/2D

where o;0 is the angular frequency of the restrahl phonon mode. Its primary advantage is in enabling exact solution of the Schroedinger wave equation.
l4

The More interatomic potential expression makes certain assumptions regarding the magni-

tude and source of anharmonicity. A single generalised dissociation energy is deemed sufficient
and crystal imperfections are not factored in.
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A better method of multiphonon analysis of /3(u) (or KI(UJ) for that matter),
that leads to superiorfittingof reflectance spectra, is provided chiefly in the work
of Gervais et al[68, 69, 66, 70, 67], Lowndes[136] and Barker[7]. Their work
extends a classic paper by Berreman and Unterwald[9] w h o develop a factorised
formulation of the quantum mechanical expression for k(u) =

KR(OJ)

± iKT(uj)

described earlier in the work of Maradudin, Wallis, Fein, Ipotova and Cowley.
This better method of analysis (to be outlined shortly) has been termed the
Four Parameter Semi-Quantum (FPSQ) model. It is semi-quantum because the
frequency dependence of the phonon self energy is only implicitly formulated in
the vicinity of a resonance frequency (though temperature dependence is explicitly
retained). The superiority of the F P S Q model over the Morse-potential based,
anharmonic quantum analysis, lies in that the Schr6edinger wave equation is an
inadequate extension of quantum mechanics to problems of interaction between
charged particles and the electromagnetic field. A complete treatment requires
the quantisation of both the particle (lattice) and electro-magnetic field. Such a
treatment is provided for by the time-dependent operators in the matrix mechanics
of Heisenberg. This formed the basis of the analysis of the interaction between
the photon and phononfieldsof anharmonic crystals by Maradudin, Fein, Wallis,
Ipotova and Cowley.
A n alternative procedure is more naturally provided for in the path integral
formulations of Feynman which directly uses the Lagrangian of the electromagneticfieldas obtained from the co variant form of electricity and magnetism[199,
P129].
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The Four Parameter Semi-Quantum Model
The form of the quantum mechanical expression of the dielectric function of C o w ley (equation (2.28))
KpvfaT)

=

KR)iv(0J,T)±KTllv(0J,T)
e

M5*)

+ 4*T- MM

(2.49)
may be established as equivalent[67, 66] to the classical dielectric function

n2 • K(UJ) = KR(UJ) ± iKj(oj) = Y, Ae,•

Itj

2

_

J

(2.50)

OJ -\- l^fjOJ

by defining

**0i = rvM»jMvi
Q2-

=

ujl3-

=

uj2(0j)+2uj(6j)Auj(dj,oj,T)
2oj(6j)r(dj,uj,T)

These definitions imply a generalisation of the classical dielectric function so that
it may now describe the frequency dependence of m o d e damping (i.e. of the
phonon self energy, Au(0j, UJ, T) + iT(0j, OJ, T)).
Under the above equivalence definitions, the classical dielectric function gains
greater utility in the study of complex infrared spectra. The complementary observation [9,69,67,136] to the resonancefrequenciesty(of the T O phonon modes)
being the moduli of the complex poles of K(OJ), is that from the Maxwell equation15 [135] V • D = « V • E, the L O phonon modes are the zeros of K(OJ), and
hence the complex poles of the inverse dielectric function fj = r)R + it]i = k"1.
In like manner to the self energy of a T O phonon modes, the imaginary part of the
15

Where arbitrary sources of charge and current have been removed from the dielectric, K V • E

has two roots. VS = 0 implies q ± & (transverse modes), k — 0 implies q ± E need not be zero
so that g* || E (longitudinal modes) for the principal crystal directions being considered.
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complex pole of rj would then correspond to the damping of L O phonon modes.
The combination of these observations in k, results in k being expressible in the
factorised form

K(UJ) = K R ± iKT(uj) = €oo n ffi° " U] * 7^°
The terms,fiz,o,^ T O ,

7LO>

(2.51)

andTro therefore constitute of the four parameters

of the F P S Q model.
The dielectric function, k of the F P S Q model, represents an approximation to
the full quantum expression (2.49). In the analysis chapter, infrared spectra will
be fitted with the Fresnel formula of normal reflectance
i

2

R = m — 1

m = yk(uj)

m +l

where K(UJ) will be both from the Lorentz-Lorenz classical oscillator model and
the F P S Q model. The F P S Q model however affords additional information on the
phonon self energy for each polar phonon m o d e at frequencies 0<ro and

SILO-

The F P S Q model relaxes explicit frequency dependence in the shift in the
phonon energies, A o ; \0j,uj,T). This is valid for crystals having a smooth frequency distribution of phonon branches so that the lowest two phonon density of
states is at least a slowly varying function of frequency, and nearly constant in
the neighbourhood of £l3. This is particularly satisfied for example by a-alumina
(space group Df^) which has a high number (30) of intrinsic phonon branches, but
less so for simple cubic crystals like the alkali-halides.
Frequency dependence is however implicitly retained in Tro and jLo being
separate parameters, thereby enabling the F P S Q model to uniquelyfitaccurately
broad reflectance bands. This represents our deepest physical understanding of
crystal response to an electromagnetic stimulus since the model is built from
Maxwell's equations and not from any phenomenalogical model (as the LorentzLorenz classical oscillator model is).
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In contrast, the treatment of Thomas et al[211] is empirical. H e notes the
frequency dependence of j3 to represent a cut-off beyond restrahl processes due
to anharmonicity of the crystal potential and formulated this by having

Jj(uj,T)=7j(T)<

1
e-a[W/Wm]

UJ < UJm
2

_ !

u > U m

where a and ujm are adjustable parameters. In particular, ujm is the stop-band
frequency of the crystal and is arbitrarily m a d e to be some constant multiple of
the highest T O m o d e frequency.

The Validity of Extrapolating k in giving Estimates of Microwave Loss
Wakino has been noted by Petzelt[167] as being the first to apply the classical
harmonic oscillator model to analyse the infrared reflectance spectra of complex
(or microwave) ceramics, and hence from this to extrapolate their dielectric response to microwave frequencies. The relative success of his work has established a persisting practice of applying the classical model to extrapolation of the
microwave response of polycrystalline compacts from infrared reflectance spectra. Most notable among those to follow have been Kudesia et al[123], Zurmuhlen
et al [235,234] and Petzelt et al[169, 168, 170, 167, 171]!
Petzelt, in collaboration with Tagantsev[207] and Kozlov et al[167], has been
only one among a very few to have critically examined experimentally the accuracy and the conditional validity by which the infrared dielectric function m a y be
extended by two to three orders of magnitude lower to the microwave frequency
domain.
W h e n one considers the low frequency (UJ -C % ) response of (2.50) to yield
KR «

e0-eoo = EjA€ J ? ^

(a)
(2.52)

«/ « "£;^nf
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(b),

it is seen that the classical oscillator model describes an essentially dispersionless
KR and, KI proportional to the radiationfrequencyUJ.
Recall that the oscillator strength Ae3 is related through the plasma frequency
OJP

as Ae3 =

(OJP/QJ)2

in which OJP is derivable from the low and high energy tails

of the reflectance spectrum by UJ2 = e 0 - ^oo- A e , for the F P S Q model is given by
Servoinetal[188]tobe

A* = e<» ({jfca - l) II """In*0 C2J3)
Since the FPSQ model only corrects the classical model with respect to the
high frequency longitudinal modes, the two are expected to yield identical low
frequency u <C O j T O ) estimates of KI(UJ) [235]. Petzelt et al[167] and Zurmuhlen
et al [235] comment that the F P S Q model sometimes yields negative extrapolation estimates of KI(OJ). However, no insight is given into the cause of this, and
is inconsistent with the work of Fukuda [55, 56] who, working with similar complex microwave ceramics, obtains physically consistent estimates of KI(OJ) with
the F P S Q model in near agreement with those m a d e directly at microwave frequencies.
Briefly, in returning to the response of the classical models in the low frequency limit, an alternative analysis seeks the behaviour of KI(OJ) as a function
solely of e0. Since most energy is stored in the lowest lying polar optic (i.e. T O )
phonon mode, the summation m a y reasonably consist of only thefirstterm (n=l).
In obtaining KI(UJ) as a function of eo, the explicit dependence on Qj is removed
(but retained in A e ) so that
«7

(UJ)

~ — (e0 - e^)2 u>7

thereby giving the classical functional dependence of «/ on e0 as KJ (e0) oc eo[207].
The classical analysis therefore has

KI(OJ)
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to have a fixed power dependence

upon e0. This is shown experimentally by Petzelt et al[169, 171, 170, 168, 167]
and Zurmuhlen et al[235, 234] to be a m i n i m u m condition.
The full picture of contingent accuracy in extrapolation of the classical model
to low frequency must also incorporate a temperature dependence. The transition
from low to high temperature regimes is never precisely defined. The Debye temperature Q D is commonly m a d e the reference. Q D sets an upper estimate for the
threshold of the high temperature region. Since Q D can be difficult to measure
accurately, it is more reasonable to consider a temperature as low if only the linear portion of dispersion in the acoustic phonon branches are thermally populated;
and high if at least the lowest optical branches are also thermally populated[234,
p5357]. Even so, for the sake of the microscopic (full quantum) theory to follow,
for temperatures T < Q D , the classical model estimates an intrinsic KT (UJ) , extrapolated to microwave frequencies, to be proportional to the damping of the dominant polar phonon, which remainsfinite(independent of T ) in the limit T -> 0.
For temperature T > QD,

KI(UJ)

oc T since variation 7,- oc T.

Factors which compromise the accuracy of extrapolated estimates of microwave
loss are those which experimentally influence 7,-. This chiefly arises for random
orientation of the crystal optic c-axis (highest symmetry axis) with respect to the
plane of polarisation of the incident electricfield.Randomised reflectance m a y
come from either unpolarised incident infrared light, a polycrystalline sample or
both. The effective average from randomisation over c-axis orientation and/or
radiation field polarisation, gives a broadened reflectance band which implies an
increased effective damping of T O modes, so that ultimately an exaggerated estimate is made of

KI(UJ)

at microwave frequencies. To a varying degree, addi-

tional reflectance band broadening from overlapping T O modes will occur due
to infrared anisotropy in low order symmetry crystals (i.e. below cubic symmetry). Randomisation from a polycrystalline sample and/orfieldpolarisation will
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approximate and isotropic system which m a y lessen the error, given that the classical analysis is built from an isotropic model.
The general key conclusion through out the work of Petzelt (and from his critical review of the work of Wakino and Kudesia) is that microwave loss estimates,
provided by extrapolation of the classical dielectric function, have a correct orderof-magnitude agreement with KI(UJ) measured directly at microwave frequencies.
However In terms of the microscopic theory to follow, this will be seen a fortuitous
result.
The quantum mechanical (microscopic) theory reveals a more complex picture
wherein transitions exist in the functional dependence of

KI(OJ)

upon frequent)

and temperature as one crosses boundaries in both the frequency and temperature
domains. In contrast no cross-over dependence in frequency exists for KJ(OJ) in
the classical model.
The microscopic theory introduced earlier, gave the intrinsic dielectric loss
of any given crystal as a function of its point group symmetry. Three distinct
forms of intrinsic loss are identified. These were the two-phonon processes (decay (or summation) and coalescence( or difference)), three- phonon processes
(combinations of decay and coalescence) and Quasi-Debye processes. The results of

KI(OJ)

formulations over the entire thirty-two symmetry point groups

reveals the non-centrosymmetric crystals (i.e. those without an inversion symmetry element) to have a Quasi-Debye loss character at low temperature about
jr (the average damping of thermally-populated phonon branches) that gives
way to a more dominant two- phonon process after passing a m i n i m u m at some
w > jr. Centrosymmetric crystals are described by dominant two phonon processes at T < QD which give way to more dominant three phonon processes at
T > QD-

The work of Gurevich et al[76]in this respect is summarised in the

following tables (Tables 2.5 to 2.8). Centrosymmetric crystals include the point
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groups:Ci, Th, Oh, C2h, D2h, S6, D3d, C4/l, D4/l, C6h and D6h. The remaining point groups, Cu C2, D 2 , C 5 , C2v, T, O, Td, C3, D3, C3v, C 4 , D 4 , C4v, S±,
Du, CQ, D 6 , Cfo, C3h and D3h are those for non-centrosymmetric crystals. In the
tables, jr is the damping of thermally phonon while OJT is given by UJT &

kBT/h.

The microscopic theory further estimates the magnitude of dielectric loss from
four extrinsic sources in the far infrared and microwave frequency domains [170].
A partial treatment of their influence on the formulation of KI(UJ) was previously
considered in section (1.4.3), on page 59. Firstly , defect-induced restrahl absorption (static disorder) was noted to arise from the broken translational symmetry of
a crystal., thereby relaxing the conservation of m o m e n t u m selection rule. While
ever the defect concentration is low, KJ(UJ) was noted to be independent of temperature. The frequency dependence of KI(UJ) m a y be summarised in Table (2.8).
Secondly, defect-induced phonon scattering; this results in an increase in j3
of polar phonon modes and jr. Oscillation of a local defect thirdly, can give rise
to a resonant two-phonon process. A Quasi-Debye loss at microwave frequencies
will follow where the defect environment lacks inversion symmetry. Lastly, anharmonic motion (diffusion) of point defects have a high and low temperature loss
character. At T > 6^, point defects diffusion gives a loss peak associated with
a broad relaxation dispersion. At T < QD, loss is due to quantum tunnelling of
defects[86] and in disordered (i.e. two level) systems due to quantum configurational tunnelling.

Comparative Utility of Classical and Quantum Models Applied to Estimates
of k(u) at Microwave Frequencies
To provide some feel for the comparative performance of classical and quantum
mechanical models in estimating K(UJ) at microwave frequencies, various key conclusions and observations are brought together from an extensive ten year program
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Centrosymmetric Crystals: T
Frequency Domain
High

UJT •< OJ

<QD

KI(UJ,T) OC

Two-phonon decay process dominate
TUJ5

Intermediate jr < OJ < UJT

Two-phonon coalescence processes
dominate Tmojn
m:

[1 < m < 9], n : [1 < n < 5]

A given m, n is a function of the
given point group symmetry
of the crystal.

Two phonon decay processes
universally give (with respect
to the point group), Tuj3orTu5.
Low

UJ < 7r

For n < 2 two-phonon processes
dominate.
n = 1 -> Tmuj
n = 2 ^r TmujjTln

kBT
h-yT

For n > 2, three-phonon process
dominate giving T9UJ
Table 2.5: L o w temperature intrinsic loss character of centrosymmetric crystals.
Though low T is defined with respect to QD, it is more usually given where only
the linear portion of acoustic phonon branches are thermally populated. Frequencies UJ are defined with respect to UJT «
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kBT/h.

Centrosymmetric Crystals: T > QD
Frequency Domain
High

UJ « £l3

K^UJ, T) OC
Two-phonon decay process dominate
TOJ5

Intermediate JT <C O J

Two-phonon coalescence processes
dominate with Tujn n : [1 < n < 5]
n is a function of point
group symmetry.

Low

UJ <C JT

Two-phonon coalescence processes
dominate with T2UJ for cases n > 2
from the intermediatefrequencydomain.

Three-phonon processes give a
universal T 2 C J dependence across
all centrosymmetric point groups.
Table 2.6: Though for convenience temperature is defined in this table with respect
to QD, it more properly considers all acoustic phonon branches and some optical
branches, to be thermally populated.
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Non-Centrosymmetric Crystals
Frequency Domain
High OJ > JT

r<0D->«7(aj,T)oc

T>QD^>

KT(UJ,T)CX

Two-phonon processes

Two-phonon processes

dominate with

dominate

Tu3 (except point group D 6
for which there is the transition
OJ3 ->• OJ5)

Low

IT

Quasi-Debye loss dominates

Quasi-Debye loss

dominates

dominates

X

Ll* +-Y2

(except point group D 6 , where
longitudinal loss (i.e. q || c-axis)
results in the transition T 4 -• T 8
Table 2.7: The fieldfrequencyOJ is defined with respect to JT, the damping of
thermal phonons. Quasi-Debye and two-phonon processes are seen to characterise
intrinsic dielectric loss in non-centrosymmetric crystals.
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Effect of Crystal Defects U p o n «/(w)
Frequency D o m a i n

KI(UJ)

oc

Low

w < Q j

For uncorrected charged point
defects, and planar defects, the
loss is oc OJ

For uncharged linear defects,
loss is oc OJ2

For uncharged point defects,
and correlated charged point
defects, loss is oc a;3
Table 2.8: This table simply indicates crystal defects generally to be operative at
low frequencies with respect to polar phonon modes.

78

for the complex perovskite ceramics16 Ba (#1/2-^1/2) 03.
It was intended within this one structural family (ordered cubic superstructure), to study the correlation between ionic parameters (ion mass, radius, valence etc.) and their complex permittivity. Application of the quantum m e chanical model to these ceramics (point group Oh) yields a low temperature microwave dielectric loss dependence of «/ K W which is in agreement with the
classical (isotropic) estimate (given earlier). Despite this agreement it is emphasised that different loss mechanisms lie behind the classical and quantum
formulations[207]. T h e quantum loss formulation at microwave frequencies is
primarily due to two phonon difference processes in the near-region of lines of
degeneracy in the phonon spectrum, whereas the classical loss is drawn from summation and difference phonon processes throughout the Brillouin Zone. In the
high temperature limit to loss estimates depart between the classical and quantum
model, with the quantum model yielding a T 2 temperature dependence (c.f. the
classical T- dependence earlier).
Another point to consider is that the proportionality Kr(uj) of itself does not
uniquely determine the intrinsic loss contribution. Comparable frequency dependence m a y be contributed from extensive (materials preparation) sources such as
uncorrelated charged point defects as shown in Table (2.8). Given the general
linear temperature dependence of loss from extensive sources, a dielectric study
that has increasing temperature dependence of KI(OJ) would be a means of isolating the intrinsic contribution from the extrinsic. In noting this, Petzelt et al
[169,168,170, 167,171] highlighted the paucity of such work (as emphasised in
the relative emptiness of the bottom portion of Table (2.3)17.
16B> =

y 3 + ) Ard3+) G d

3 + ) g" =

i v 6 5+ ) Ta5+

mdB'

= Mg2+^

C d 2 + B"

=

^6+

wefe

studied by Petzelt etal[169,168,170,167,171].
l7
To the best of m y knowledge no further work has followed from these or any other author to
date (1999).
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Their conclusions in general for this ceramic study were that:
• In the low permittivity limit KR(UJ) < 20, the classical model yielded higher
loss values than the more rigorous quantum mechanical analysis. However
at KR(UJ) > 20 an additional factor of (co/e^) 3 in the quantum description
yield a reversal in relative magnitudes of KI(UJ).
• Both experimental measurement and quantum mechanics yielded a steeper
functional dependence of KI(KR)

than K2R (as given by the classical oscilla-

tor model), highlighting the effect of temperature dependence in KR.

KI(KR)

was instead of the order of KR.
• For the more than 80 perovskite ceramics that were studied, KR is essentially
dispersionless below 1,000 G H z provided KR < 30.
• KJ(OJ) oc UJ for UJ < 300 G H z (10cm - 1 ) for well- processed (i.e. minimal
defects after materials processing).
• For T < QD, the temperature dependence of KJ(OJ) is mostly either of linear, or of afractionalpower law dependence. The predicted KI(OJ) OC T2
dependence they expected atfrequenciesUJ < 300 G H z , was never seen.
The predicted high temperature dependence was never observed. The implication is that extrinsic sources of loss were not sufficiently removed and
were comparable in effect at room temperature with intrinsic loss.
• Only variation of ion size, which governed the packing density in the unit
cell, significantly affected KT(UJ). Increasing density measured in terms of
a tolerance factor r (r -> 1 = ideal packing), led to low KI(UJ) and KR(OJ).
Ion valence and mass had negligible effect. This result is conditional upon
dielectric measurements being m a d e within one structural group (family) of
ceramics; namely the cubic complex perovskites (Ba(B[/2, By2)03:
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B' =

Y3+, Nd3+, Gd3+ B" = Nb5+, Ta5+ and B' = Mg2+, C(P+, B" =
W*+).
The key, observation was that extrapolated loss estimates at microwave frequencies, from the classical oscillator model, were given with a correct order of
magnitude. It was otherwise noted that for sufficiently dense ceramic compacts
(> 9 5 % ) , infrared reflectance spectroscopy is insensitive to materials processing
effects and yields reliablefirstorder estimates of microwave loss characteristics.
Better estimates of microwave loss m a y be provided by B W O transmission measurements.
One final and crucial observation concerned the contingencies of materials
processing/preparation upon the relevance of F T D l reflectance spectroscopy for
providing an accurate microwave-frequency dielectric analysis. The influence of
materials processing upon microwave-frequency dielectric response is complex
and extensive. To date, it still largely remains an empirical, room temperature
science. Analysis of materials processing effects at far infraredfrequenciesis
scarce[170, p98] with Kudesia et al[122] making one of the most recent (room
temperature) contributions. In it, the microstructural effects of a systematic variation in grain size and porosity upon the infrared reflectance spectra of high purity
aluminia are studied (and thereby of the derived dielectric response). Variation
in grain size was achieved between samples by having different dwell-times at a
c o m m o n sintering temperature of 1600°C. Variation in porosity was achieved by
incorporating different volume fractions of polystyrene microspheres (~ average
diameter Apm) into the green compacts. It is merely stated by Kudesia that the
varied microstructure is manifested in the varied reflectance spectra. The apparent
trend was for increasing grain size to lower the loss target and increasing porosity
to increase the loss tangent.
Empirically it is learnt that if the density of a ceramic powder compact is
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< 9 0 % of the theoretical density (T.D.) ( in which pores become connected),
low frequency dispersion effects become significant upon KR from space charge
sources such as air/gran and material phase boundaries. Further, the MaxwellGarnet effective m e d i u m theory is unable to correct for the effective dielectric
constant of the low density material. A t densities > 9 5 % T D , KR behaves as
an intrinsic material parameter (from microwave to far infrared frequencies) as
determined by the ionic properties of the lattice ions[234, p5356], which are also
responsible for the polar phonon m o d e behaviour. A t such densities, classical
oscillator analysis of infrared spectra determines KR(UJ) to be dispersionless over
the above broad frequency bandwidth which is consistent with effective m e d i u m
theory18. Given as shown (from actual experiment and microscopic theory), that
KI(UJ) is

a function that is sensitively dependent upon KR(UJ), having samples with

densities > 9 5 % T D then, ensured appropriate infrared spectra were obtained for
a consistent microwave analysis.
The effects of material preparation as carried in extrinsic losses, are noted to
generally disappear atfrequencies> 100 GHz[234, p5356]. However in
and Ba(Mgy3Ta2/3)03

MgTi03

systems, they were observed to persist upwards toward

500 to 1,200 G H z . But by far irfrequencies,intrinsic losses are k n o w n to exclusively hold. Therefore F T I R reflectance spectroscopy of very dense (> 9 5 % T D )
ceramics ensures intrinsic losses in the material are measured and that extrapolation to microwavefrequenciesoffers at least a correct order of magnitude estimate
of the m i n i m u m loss that is experimentally likely. Well-processed ceramics will
therefore enhance thefractionof the intrinsic loss component to the total estimates
of dielectric loss k = kintrinsiC + kextrinsicOne further requirement to FTDS. reflectance spectroscopy, relevant to microwave analysis, is to have the highly dense ceramic samples ground and poll8

Effective Medium Theory holds for the radiation wavelength > the typical grain diameter.
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ishedflatfor a surface roughness Ra of approximately Ipml. For want of doing
this Petzelt[167] comments on the FTIR- reflectance data of Kudesia[123] to be
incapable of providing any relevant estimate of extrapolated loss. The poor surface mechanical quality of the samples gave reduced reflectivity and higher scatter
in the overall reflectivity magnitude.

2.5.1 An Ideal Case Study
Before rounding off this section on experimental determination of K(UJ), a last
note is made of a recent and unique attempt to integrate the orthodox polarisation
theories (i.e. those that do not include the M a n y Body theory that Jonscher, Hill
and Dissado used to supersede Debye theory, and the most recent microscopic
theory of Gurevich et al[76])19 of ionic conduction, dielectric relaxation and multiphonon processes tofitthe temperature- dependent microwave dielectric loss
measurement of a simple dielectric ionic crystal that included charged point defects (i.e. of a nearly pure and C a 2 + doped NaCl

single crystal) [150].

The temperature-dependent dispersive dielectric loss of NaCl

was measured

from 300 to. 700 K over a span of discrete frequencies (2.2, 4.8, 7.4, 10.2 and
15.5 G H z ) provided by two, circular-cylindrical, resonant cavities.
The loss data K(OJ) were (reasonably)fittedaccording to the composite formulation
™T

™Iionic conduction ' ^^Debyc

'

^multiphonon

For their particular system M e n g et al formulated ionic conductor loss to be:
a
lCKj =

—
0J€0

l9

After communication with one of the authors (J. H. Booske) and further checking of the

literature to March 1999, no further papers appear on this sort of work.
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where
_ nce2b2vQ

Agm.c/ksT

, nae2b2u0
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^
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In a, nc and na are thefreecation and free anion vacancy number densities respectively, b is the vacancy jump distance, uQ is the characteristic lattice frequency.
Agm,c(= A/i m)C - TASmtC)

is the Gibbsfreeenergy for cation vacancy jumps

(A/im,c and A 5 m , c are respectively the enthalpy and entropy for cation vacancy
migration). AgmjC is the Gibbsfreeenergy for anion vacancy jumps.
The Debye term is
DK7

=
Nxvve2a2 (eoo + 2) 2
5AeQkBT

OJTVV
1+UJ2T2
vv

Nxvie2a2 (too + 2) 2
UJT,
28e0kBT
1 + u2T2{
where N is the number density of normal cation sites, xvv and xV{ are the concentrations of vacancy-vacancy and vacancy-ion pairs, a is the lattice constant for
NaCl and TVV and TV{ are the respective relaxation times of v-v, v-i pairs. The
concentration terms are very temperature-dependent and play a key part in obtaining credible agreement between theory and experiment over all frequencies,
temperatures and impurity dopings.
The multiphonon term

(u;2-^2) + {njr)2
whereft3is the fundamental restrahlen T O phonon mode, T was determined from
the theory of Sparks et al[193] for life time broadened two-phonon difference
process responsible for microwave absorption in alkali halides, so that
r, 2„ {
fni-uj\
r = — r 0 < arctan
— arctan
TT [
\ j J
V
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\

in which
p
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l

~

6MrM<M>fljw3l

n

=

n (cjj) — n (cjj — tu) and

°°

n(uj{) =

[exp^-l]"1

The frequency UJ is the frequency of microwave radiation. qQ and qBZ are the energy conserving wavenumber and wavenumber at the Brillouin Zone boundary.
The ojij are the acoustic phonon frequencies at branch i and j. The damping j is
the sum of i and j phonon dampings. The frequency uc is the critical frequency
determined by the transition from the life-time broadened two-phonon difference
band process to the infrared process of two-phonon interband transition (i.e. the
difference between appropriately selected T O and T A phonon dispersion curves
at ujm the m a x i m u m , or stopband frequency, of the crystal at the Brillouin Zone
boundary Oiere along [111]). NB is the total number of phonon branches participating in relaxation. (j>3 is the third deviation of the lattice potential evaluated at a
lattice site. M < and M > are the masses of the lesser and greater ion and Mr is the
reduced mass of the ion pair.
M e n g et al noted that initial enthalpies and entropies did not give a good fit.
In subsequent least squarefittingthese parameters were left unconstrained (in reflection of considerable variation of such parameters in the literature) resulting
in betterfits.For the purposes offitting,this procedure expressed a de-emphasis
(rather than artificial enhancement) of the calculated losses from relaxation processes. The criterion for analysis was to achieve a bestfit,both for scaling and
quantitative agreement across all data points, using a single set of values for enthalpies and entropies.
It remains to be checked h o w the more rigorous theory of M a n y Body mechan-
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ics by Hill, Dissado etc, m a y fair in replacing the classical Debye formulation to
account for relaxation processes in the net dielectric loss. All said, the work of
M e n g et al represents afirstand rigorous attempt where the theory reflects the
steep increase in loss at some high temperature (i.e. thermal runaway).
To both conclude this section and lead into the next on the practice of thermometry in microwave fields, a brief account is given of h o w even a simpler
microscopic theory of phonon kinetics, to the one shown previously in describing
radiation-phononfieldcoupling, provides a physically consistent explanation of
the apparent reduction in temperature of microwave sintering. This is contrary to
the prevailing understanding which wrongly holds that activation energies of reaction paths are somehow intrinsically altered (lowered) by the microwave field.
Booske et al[15] used a simple phonon kinetic model to re-interpreted the earlier results of Swain[204], Janney et al [98] and Janney et al[99] w h o had previously measured an apparent ~ 7 0 % reduction in the activation energy, d o w n from
575/cJ.77io?e_1 during conventional heating to 160/c J.mole~1 during microwave
heating at 28 G H z . In both conventional and microwave processes identical bulk
temperatures were maintained as gauged by a thermocouple.
Booske et al firstly note that activation energy E A and enthalpy are intrinsic
material properties tied to details of the crystal lattice (i.e. bond types and symmetries). W h e n noting the energy of a 100 G H z microwave photon to be 4 x I O - 4
eV, and bond energies to be in the order of multiple units of eV, it is highly improbable that microwave energy can directly alter activation energies of formation
enthalpies. A specific material example is the anion or cation vacancy formation of MgO

to be ~ 3 eV, or 1.2 e V in NaCl

and, that activation enthalpies of

vacancy mobility is ~ 40 - 6 0 % of the formation enthalpy.
In an earlier 1991 paper[14], Booske et al review that EA for a polycrystalline
compound, as estimated from a log-linear plot of the rate-of-densification ver-

86

sus inverse temperature, presumes on the one hand that ion thermal motions are
described by a Maxwell-Boltzmann energy distribution and on the other that thermometry measures the average ion kinetic energy (i.e. the temperature associated
with a certain Maxwell-Boltzmann distribution,
-E

!MB{E) =

-^=3 v^e

where E is the ion energy. Related to / M B is a thermal partitioning of ion vibrations amongst lattice phonons as described by Bose-Einstein statistics.
TP

( \

V

hu3

where V is the poly/crystal volume and va the acoustic velocity from the Debye (or Planck) model. Either conduction, or radiation heat loss, will generate
IMB{E)

and E M B { U ) distributions within a polycrystalline solid. Irradiation by

microwave energy however must lead to a non-thermal phonon distribution, particularly with defect-induced one-phonon restrahl resonance modes (prevalent in
polycrystalline ceramics) being coherently pumped at the microwave frequency.
Other non-thermal phonon distributions will arise from multiphonon absorption
processes.
With subsequent addition of microwave energy, it is reasonable to assume
that the initial thermal phonon distribution and net ion energy distribution will in
some form depart from a Maxwell-Boltzmann description. Very high electric field
strengths in the order of « 10 7 V.ra -1 have been calculated by Freeman et al[53]
to be necessarily before JMB is invalid. Under such conditions defect mobility is
enhanced (and hence sintering rates) with a sensitive dependence upon the high
energy wing of the non-thermal ion energy distribution. Thermometry, in contrast,
will measure the bulk character of the non-thermal ion energy distribution (thereby
an apparent reduction in EA being registered). Typical electricfieldstrengths of
« IO3 - 10 4 V.m - 1 will otherwise enhance the driving force term for diffusion.
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This has been predicted theoretically by R y b a k o v (et. al.)[179,180] in terms of a
pondermotive force20 u p o n a space charge associated with the near surface region
of crystals of polycrystalline ceramics, and experimentally observed by Booske et
al [16], Freeman et al [52], S e m e n o v et al [187] and W r o e et al [230].
W r o e et al w h o studied non-thermal microwave (2.45 G H z ) effects in sintering of T Z 3 Y (i.e. 3 m o l % Y203 stabilised Z r 0 2 ) , observed sintering to be mostly
enhanced during the densification phase, rather than initially. This implied either
volume or grain boundary vacancy diffusion mechanisms being enhanced. Given
the pondermotive force to be induced at grain boundaries (or at the near-surface
region of crystals), the effect of the pondermotive field then, is to enhance vacancy flux within grain boundaries. Generally particle flux is higher along grain
boundaries than through volumes due to its lower activation energy. Therefore the
combined action of a microwave-pondermotive driving force for diffusion, and
the particular mechanism of grain boundary diffusion having a lower activation
energy, appear to account for large effective reductions in the measured activation
energies of sintering.
20

The nonlinear interaction of space charge, (induced in the near surface region of a crystal) with

a high frequency electricfield,drives aperiodic oscillations of free charge carriers (and conversely
the vacancyflow),leading to plastic deformation of the crystal. The resulting electricfieldfrom
non-linear interaction of the high frequency microwaves with its induced space charge, constitutes
ftit pondermotive action of the high frequency microwavefield.The normal and transverse action
of the pondermotive force with respect to the crystal surface leads respectively to bulk and near
surface mass transport.
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2.6 Effective M e d i u m Theory
2.6.1 Introduction
The classical, semi-quantum and quantum mechanical expressions of the dielectric function,

K(OJ),

properly describe the polarisation response of single crystals.

The general expressions also consider the orientation of the principal axes of the
dielectric ellipsoid with respect to the wavevector q of irradiating electromagnetic
field. The classical model is an exception to this. Its phenomenalogical foundation
results in an isotropic formulation.
However, where large, centimetre-sized crystals are not available, or not intended for study, but rather polycrystalline material, a slight modification of the
existing dielectric theory m a y be necessary. Besides the chemical composition
and crystal structure that are k n o w n to govern the infrared reflection/absorption
character of crystals, significant and additional influence comes from the shape
and aggregation of the particles (crystallites), which introduce additional polarisation factors.

2.6.2 EMT and Reflectance Spectroscopy
The general expression for the average dielectric function of a heterogeneous system (say an ak-aluminia-zirconia mixture), is[163]
u K,

_ USyDjrW ^ t , , (1 - /) (A.) + f(Dr)

„ 54)

where m is the host matrix of particle inclusions p that has a fitting (or volume)
factor /. (D) and (E) are the space-averaged components of the electric displacementfieldD parallel to the excitationfieldE. Several particular formulations of
(2.54) have been m a d e this century and each differs according to their assumption
regarding h o w the spatialfieldaverages ( D m ) , (Em) , (Dm) and (Ep) should be
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performed. The oldest (1907) due to Maxwell and Garnett[146, 147] 21 models
each individual particles to be an ellipsoid (with its principal axis coincident with
the optic axis) that is enveloped in an isotropic matrix of dielectric constant Km. It
has come to be termed an asymmetric dielectric theory because one has to chose
which material component is to be matrix and which the particle inclusions. The
M G T theory is most appropriate for dilute solutions of particle inclusion in the
matrix.
A differential effective m e d i u m theory ( D E M T ) was introduced next by Bruggerman [21] in 1935 to compute the average electrical conductivity for heterogeneous conducting mixtures. The formulation is identical for describing dielectric properties. D E M T introduces two different hypothesis. O n e is the Effective
medium theory ( E M T ) . It models the field to be constant about each included
particle. The associated dielectric constant about each particle is then K and not
Km. In this way the matrix and particles are treated symmetrically and as particles
in distinction to M G T (which effectively only deals with dipolar particle interactions). The second hypothesis assumes the heterogeneous mixture to have fractal
character (i.e. self similarity) and employs analysis by variational calculus.
Pecharroman et al[163] outlines h o w E M T has been progressively generalised
to model additional complexity of particle mixtures such as anisotropy. A more
complete treatment yet has been provided by them in the course of seeking more
accurate infrared optical constant data on certain crystal powders for which no
large single crystals were available for conventional infrared-spectroscopic study.
In 1994 they affirmed while E M T formulation abounded, very little applied work
had been done on real (i.e. compacted crystal/ceramic powder) systems. For their
analysis they formulate a general expression for an effective dielectric constant
from which all other E M T s to date m a y be derived as special cases. The critical
21

M G T originally developed to explain colours in metal colloids occurring in glass.
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parameter in this analysis is their so-called percolation parameter fc. It is a function of the volume fraction f of the included particles. A t a critical / (i.e. fc), (K)
is noted to suddenly change 22 .
The threshold, or transition near fc m a y be described by a charge in the geometry of the heterogeneous system. Their expression for the effective dielectric
constant of a binary mixture (matrix plus particle) is

IV - ^
K

^-L^>Z+LmhKm + / £fc=l (l-L^+L,...
-'pkKpk

^ ^^
3

\ ) ~ (-> _ f\v
1
i 7^3
1
(1 J) 2*k=l (l-Lmk)Kex+LmkKm + / 2-fc=l (l-Lpk)Kex+LpkKpk

(Z.DD)

where Kex is the dielectric constant outside the particle in its near-neighbourhood,
Lpfc and Lmk are the kth depolarisation factors of the particle and matrix ellipsoids
and, « m is the dielectric constant of the matrix.
Equation (2.84) w h e n generalised to Np particles p is

<«)=«.+<«> ± u {l g (K) (1 jLji LipKip}

where fp are the filling factors (or volume fractions) of the p-type ellipsoids and
Lp is the depolarisation factor of the particle and is experimentally determined
from a transmission electron microscope ( T E M ) micrograph of the particle.
In (2.55), the depolarisation factor Lm of the matrix is more easily determined
in terms of fc as
_ [fc (3 + 2G) - 3] ± y/[fc (3 + 2G) - 3] 2 - 8 G / C (1 - fc)
LJmm =
2Gfc
where
Lp
22

1 — 2Lp t

When conducting particulates are immersed in an insulating matrix, it is well known that a

critical concentration exists, at which the mixture undergoes a dramatic transformation in conductivity (i.e. from poorly conducting to high conducting); this transition is calledpercolation[l37].
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Lp and Lm are parameters that quantify the shape of the particle. Lp is particularly
measured as the ratio of the axes that are normal to the axis of revelation of the
spheroid (which approximate to the shape of the particle).
The isotropic formulation of (2.55), which replaces K^X by (AC), may be solved
for (k) as the root of the quadratic
a(k(uj)) + b(k(uj)) + c - 0

(2.56)

The coefficients a, b and c are primarily functions of thefillingfactor. M G T
precipitates from (2.55) for f < fc (i.e. Km = (K) <C KP resulting in

a = f[2GL2m-Lm(2G

+ 3)-l + 3Lm]

b = Km{f[-AL2mG + Lm(3G + 6 ) - 10]- G - 1}
c = K2m{f[2L2mG-Lm(G + 3) + 2} + (3Lm-2)}
in equation (2.56). E M T precipitates from (2.84) for f > fc (i.e. Km < (/c) « KP)
so that

a , = (1 - /) [-2HL2p - Lp (3 - 2H) - l] + 1 + 3LP
b = Kp{(l-f)[4L2pH +
Lp(6-3H)-10]+H-l}
c = K2p{(l-f)[2L2pH-Lp(3-H) + 2]+(3Lp-2)}
where
2

1

—

H =1 L—m + 2Lm
M G T and E M T are totally symmetrical forms having the corresponding identities,

/ <-• (I"/)
-G «—> H
Kfn

4

r

Lm

4

r Kp

Kp

At / = fc, (K) of M G T suffers a divergence (singularity) while for E M T (K)
goes to zero.
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The formulation of E M T by Pecharroman et al[163] suffers no singularity or
zero because fc is not arrived at in an ad-hoc manner as previously[138]. So now,
for / = fc, (i.e. w h e n Km < (K) < KP, (2.55) is constructed for

a =

/

2 _,

1_

If + l-2L

b =

kHfc(fc-f)

c = -Kmkp [{l_2Lm)2 + J^lf}
Here b and c are complex numbers like (K(OJ)) as a result of kp which in practice is obtained from the three-parameter (classical oscillator) or four-parameter
(semi-quantum mechanical)fittingof the experimental reflectance spectrum, measured from the pressed polycrystalline (ceramic) powder (as described in the previous section).
The experimental procedure of fitting reflectance spectra, and the materials
preparation of ceramic powder for obtaining a sample suitable for reflective studies, are outlined by Pecharroman et al[162], Pecharroman (et. al.)[164] and Pecharroman (et. al.)[165].
The general prescription is for FTIR- reflectance samples to be prepared with
a high quality, specularly reflecting surface, with very low surface roughness for
infrared optics (0.5 — 0.3pm, i.e. of the order of the particle size). Their samples
are compressed under vacuum at 800 M P a in a uniaxial press in a T Z 3 Y die. If
the sample surface is too rough the R(OJ) will be degraded, especially at high energies, and R(OJ) will decrease with increasing wavenumber instead of remaining
constant. This would introduce drastic errors into the K K analysis.
Having obtained (K) from (2.85), the reflectance spectrum is thenfittedaccording to
y/H-12
R =
y/K+1
in which thefittingparameters of either the classical or F P S Q models are adjusted
together with /, fc and Lp, which characterises the particle shape and packing.
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The parameters with /, fc and Lp have been additional significant introductions
by Pecharroman et al [162] for correctly analysing reflectance spectra from powder compacts where single crystals are not obtainable. To date they have m a d e
dielectric studies of sub-micro spherical particles of LiF, MgO,
MgAl20\

and cubic particles of SrTi03

and a — Fe203.

NiO,

CaF2,

It is worthwhile noting

that no author listed in the experimental tables (Tables 2.5 - 2.8) refers to Pecharroman et al [162, 163, 164, 165], This is possibly due to their comparatively
recent contributions (i.e. not before 1994) to reflectance studies of polycrystalline
ceramics.

2.7 Thermometry in Microwave Fields
Accurate thermometry is fundamental for both reliable material characterisation
and control of thermal processing of materials. However, it has often been taken
for granted that thermometry is always possible and meaningful!
Since the advent of the application of microwave energy for advanced materials processing there has been a profound and enduring difficulty in reliably
performing accurate thermometry. Kilowatt microwave powers, and the sometimes associated induced plasmas, constitute electromagnetically hostile systems
to both conventional contact and remote methods of thermometry.
For this reason the thermophysical basis of temperature, and the possibility of
its measurement, will be briefly reviewed before outlining limitations of conventional thermometry w h e n applied to the unique problems presented by microwave
heating.
The focus of this part of the literature review and its appendix (A.3.4-8) is
the multiwavelength pyrometer (henceforth M W P ) . It will be presented within the
context of pyrometry generally, including a selected trace of its historical devel-
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opment. Following this the relative merits of the various pyrometer schemes are
outlined to demonstrate the intrinsic difficulty of accurate remote thermometry.
M W P is ultimately shown to be the only realistic independent means currently
available for accurate thermometry during microwave processing.

2.7.1 A Short Review of the Thermophysical basis of Temperature
The concept of temperature is historically based in the h u m a n sensory perception of touch leading to the idea of relative hotness or coldness. The concept of
temperature however is arrived at more firmly in the science of Thermal Physics.
A platform of understanding is developed through the quantum description of a
closed physical system23. A given system is described by the set of its energy
levels (quantum states), and its state can then be described by the set of occupied
energy levels.
The number of energy states g accessible to a system is quantified by introducing the concept of entropy. Entropy a is defined as:
<j(U,N,V) =

\ogg(U,N,V)

where U is the internal energy, N is the number of particles (or mass) and V is
the volume of the system
W h e n two systems gi(Ui, Nu Vi) and g2(U2, N2, V2) are brought into thermal
contact then for the new system:
' g(U,N,V)

= Y,9i(UuNl,V1)g2(U0-U2,N2,V2)

(2.57)

Ui

and the total energy U0 is constituted from the combined energies of the above
two systems.
23

A self contained entity possessing constant volume, mass and energy; ie no energy fluxes

through its boundary
95

The most probablefinalstate of the resultant system is one which maximizes
the distribution of the energy among the available states. So while one system will
lose energy to the other, the entropy of the combined system seeks a maximum.
The condition of maximum entropy:
.

a1(Ul,N1,Vl)+a2(U2,N2,V2)=omax(U0,N,V)

is satisfied when the differential of equation (2.57) is an extremum, together with
dUi + dU2 = 0

(2.58)

Writing, and using equation (2.58)
dg = g2dUx(^-)NuVl

+ 9ldU2(^-)N2y2

= 0

(2.59)

Upon dividing throughout by g\g2 to make equation (2.59) homogeneous in gx
and g2, and applying (2.58), we obtain
dgjUuNuVi)
da2(U2,N2,V2)
=
OTT
OFT
(2.b0)
oU2
dUi
Equation (2.60) implies that the thermal union of two systems gives maximum
entropy when the value of (§§)N,V for one system is equal to that of the other.
The quantity {%)N,V has units of energy and so in essence expresses the energy state of a system. A fundamental temperature is therefore expressed as an
energy. Generally speaking temperature reflects and ultimately quantifies the energy of a system.
The fundamental temperature is related to the absolute temperature (T) of tl: •
Kelvin temperature scale throughBoltzmann's proportionality constant:
1

u tda\
=

T
^dU'Ny
A fundamental result of thermal physics therefore requires that a condition of
thermal equilibrium must exist for thermally connected systems in order for the
concept of temperature to be established.
96

2.7.2 The Possibility of Measurement of Temperature
In principle, temperature measurement is defined wherever the second law of thermodynamics holds for processes within a system. The second law of thermodynamics requires the condition of equilibrium to be satisfied whether for an empirical development of temperature as based upon the observable phenomena of
reversible processes, or a statistical mechanics development which assumes the
maximization of the entropy parameter.
Any equation of state for a system that arises from the equilibrium condition of
either empirical thermodynamics or statistical mechanics that relates temperature
to any given coefficient describing a physical property of a system m a y serve as a
thermometer.
M a n y processes might constitute a system. A n y number of energy exchange
and particle diffusion mechanisms can occur according to the number and type of
elements present and the system's total internal energy (U0). It is reasonable to
assume that for each process a unique condition for equilibrium exists. A system
can then validly consist of more than one temperature according to the number
of processes owning their o w n state of equilibrium. Temperature values though
will depend upon the method of measurement used for the particular process observed. The resulting temperature value that quantifies a process at equilibrium
will therefore be unique to the method by which it was determined. The many
possible temperatures for multiple processes within a system will only be equal if
they can be theoretically connected or shown experimentally to be equivalent.
By the relation:

r = k BT
high temperatures relate to high energy systems, so as a system acquires more
energy it develops in complexity through the introduction of n e w processes related to the system's internal energy. In a statistical description the system con97

sists of canonical distributions of the co-ordinates to which temperatures can be
assigned. High energy systems can therefore contain several well-defined and distinct temperatures [23]. For temperature measurement however it is sufficient
that the period of observation for a process be of the same order as that of
the equilibrium event.
In attempting to label a system with a temperature it becomes necessary to
consider:
1. which process is considered to have acquired equilibrium.
2. whether it is reasonable to assume full equilibrium has been reached, and
3. if the measurement obtained actually relates to the equilibrium event Li
question25
The development of thermometric devices is based directly on the concept
of thermal equihbrium as it is understood in both statistical mechanics and phenomenological thermodynamics. The application of the principle governing equilibrium theory in statistical mechanics has lead to realization of primary thermometers. Application of the principles governing equilibrium in empirical thermodynamics form the basis of secondary thermometers.
Primary thermometers are based upon simple physical systems that possess a
measurable quantum statistical structure permitting the experimental determination of entropy as a function of the internal energy (J[j) of the system:
1

d_

T~dU
As energy and temperature are proportional:
rocT
M

eg: a Boltzmann distribution
It is possible for separate processes to share a common canonical distribution and so have the

2S

same temperature.
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the task of primary thermometers reduces to the determination of the constant of
proportionality, /CB 26 .
Secondary thermometers are empirically calibrated against a primary thermometer. Physical properties used by secondary thermometers include:27
• the thermal source of electron potential for thermocouples
• the thermal expansion of liquid in glass
• the electrical resistance of metals, semiconductors and commercial carbon
resistors

2.7.3 Limitations of Conventional Thermometry
In view of the proceeding theoretical considerations, one needs to ensure that a
thermometer will achieve thermal equilibrium within the lifetime of the system to
be measured.
The limitation on conventional thermometry by the action of a microwave
field, apply to both contact and remote modes of practice. T h e action of a microwavefieldm a y drive or p u m p a number of systems (eg phonon, plasma), to
which it is difficult to apply the thermo-physical definition of thermal equilibrium
as developed previously.
26

Examples of model quantum systems include:

1. Spin Paramagnetism where x = 2^2. The Ideal Gas where pV = NT, and
3. Black Body Radiation where Uu = — ( L ^ _ !
27

Taken from the tables B.l (page 448) and B.2 (page449) of Thermal Physics by Kittel and

Kroemer
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For contact thermometry this leads to imprecision in identifying with what
particular process the thermometer m a y have achieved thermal equilibrium. The
chief concern is whether the response time of the contact thermometer is commensurate with the lifetime of the process.
As noted in section 2.5.1, a thermometer measures the mean energy of a
Maxwell-Boltzmann energy distribution to which a microwave- p u m p e d phonon
or plasma system does not conform.
Remote thermometry on the other hand is otherwise limited by complex surface mechanical and dielectric processes during microwave heating that are reflected in a dynamic emissivity. Conventional pyrometric schemes will be shown
to be simplistic for this difficulty.

Contact Thermometry
Contact thermometry has traditionally been performed with an appropriate thermocouple or resistance temperature device. O f the two, thermocouples have been
used most. The notorious difficulty to be overcome with using thermocouples in
a microwavefieldis electromagnetic interference. The ready response has been
to use shielded thermocouples in which the thermocouples wires are embedded
in an insulating material, that itself is enveloped with a metal sheath. The sheath
may be earthed to the microwave vessel to prevent antenna pick-up of the microwavefieldby the signal meter (or recording module). Sheathed thermocouples
however introduce there o w n difficulties, particularly for high power ( k W ) (high
temperature) materials processing.
It has been shown[159] in general that thermocouple response can be extremely sensitive to the thickness of its metal sheathing and in particular it is well
appreciated that molybdenum sheathing is highly fragile after repeated use and
handling. Alternatively stainless steels m a y be otherwise used as sheathing mate-
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rial, but there melting points set a constraint on the types of materials processes
that m a y be undertaken (e.g. ceramic powder sintering).
The alternative is to operate with bare thermocouple wires. To do this however
requires special microwave design to introduce the thermocouple to the intended
position within the microwave vessel, while ensuring the thermocouple junction
is in a low to zerofieldregion.
Furthermore, the maintenance of a calibrated bare thermocouple is very difficult. Ordinarily thermocouples are initially calibrated in a fixed location and
never moved thereafter, particularly for re-calibration. Microwave experimentation however often requires the adjustment of thermocouple position. A n abiding
concern with the use of a bare thermocouple is progressive poisoning of the thermocouple junction during microwave processing, often at high temperature, and
sometimes under vacuum with a reactive plasma present.
Regardless of whether the thermocouple wires are bare or shielded, there is
an increase in the probability of thermal runaway (in dielectrics) by spawning
potential hot spots from micro-arcing between the thermocouple junction and the
(ceramic) dielectric at the point of contact. Thermocouples are also highly prone
to destruction from arcing at high microwave powers since the tip concentrates
electricfieldflux.In addition to this, thermocouples are strictly only of use in
multimode cavities since their intrusive nature of operation perturbs electric fields
so that cavities designed to excite a high Q single m o d e would be compromised.
Overall then, while thermocouples m a y be used for thermometry in microwave
fields, their operating lifetime, if bare, is lowered with respect to conventional use.
If sheathed, the thermal characteristic of the sheath must be k n o w n for accurate
thermometry.
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2.7.4 Application of M W P to the Microwave Environment
M W P is a comparatively recent thermometric technique (10-15 years) that belongs in the class of partial radiation pyrometry (Fig. 2.10). Theoretical studies of
M W P operation[47, 60, 62, 80, 202] and only a small number of non-microwave
experimental applications [58, 63, 113, 198] have been reported in the literature.
The potential advantage of M W P is its reported capacity to estimate an accurate temperature with high precision (0.5%)[59] over a wide range without prior
explicit knowledge of the material emissivity. In fact, estimates of spectral emissivity are returned with their respective error estimates as a coupled solution with
the associated temperature.
The particular application of M W P to materials heated by microwave energy
has only been reported in one paper to date[45], in which Donnan et al measured
radiance over the spectral domain from 1 to 2.5 m m for an optical system consisting of a near infraredfibrerelay, grating monochromator and single element
PbS detector. A re-entrant carbon block was incandescently heated in a lOmTorr
nitrogen atmosphere and served as a radiance calibration source. Its temperature
was measured by a calibrated K-type thermocouple. The instrument function was
measured at three temperatures (1011°C, 1170°C, and 1218°C) for a constant normal alignment of the practical blackbody aperture with respect to the axis of the
collecting optical fibre. The particular details of the measurement method are
given in chapter 3.
The paper reports two experiments that compare conventional thermometry
with the M W P . The two experiments cover two temperature ranges set by the
operating constraints of the conventional pyrometers.
For the higher temperature range a sheathed K-type thermocouple, a two colour
ratio infrared pyrometer ( I R C O N Mirage Series O R sensing from 0.70 to 1.08/jm)
for temperatures between 900 and 2400°C, and the M W P were compared. A n en-
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Figure 2.10: The context of M W P in Pyrometric thermometry
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gineering ceramic, T Z 3 Y (op 2 5 m m , 1 0 m m ) , was heated by the hybrid technique
of plasma assisted microwave heating[183] until it reached a sufficiently high temperature to permit further heating by direct microwave coupling alone.
For the lower temperature range a sheathed K-type thermocouple, a single
colour infrared pyrometer ( I R C O N Mirage Series 60 sensing from 2.0 to 2.6//ra)
for temperatures between 900 and 2400°C, and the M W P were compared. The
target in this instance was a mild steel plate (« 50 x 50 x 3 mm3)

that was heated

by a low pressure (5-10 mTorr) microwave-induced plasma.
The experiments showed that the assumption of greybody emissivity in general, for ratio pyrometry during microwave heating of engineering ceramics, is
not yet justified. Without a precise knowledge of emissivity at any given instant, the full range of available emissivity gradient settings, equated to an absolute uncertainty in temperature of approximately 500°C. The accuracy of the
single colour pyrometer suffered when the target was obscured by the microwaveinduced plasma. In particular, it generally overestimated the temperature by about
50°C despite appropriate emissivity settings (« 0.85 ± 0.05 ). Whilst allowing for
the fact that the plasma had darkened and matted the surface of the metal plate, an
emissivity setting greater than one would have been required to bring agreement
between the single colour pyrometer and thermocouple temperature estimates.
The M W P operated in a linear least squares m o d e in both experiments. A linear wavelength-dependence in emissivity for zirconia was simply assumed at first
but later based upon the experimental work of Neuer[154]. A linear wavelengthdependence in emissivity for mild steel was based upon the work of Gadner[59].
Generally, M W P was shown to be capable of providing a robust and accurate
thermometry that is limited at low temperature to « 400°C by detector responsivity and at higher temperatures by the requirement of a smooth and continuous
emission spectrum. It has been shown that it can provide temperature estimates
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under conditions of high power M W fields, even w h e n accurate emissivity functions are not known. Nevertheless, for the spectral domain defined by the optimum
response band of the detector, an approximate emissivity function is needed for
some kind of temperature measurement. However, if the emissivity coefficients
were leftfree,even errors in the optics still allow a reasonable temperature estimate to be made. With a good emissivity function and absolute measurements,
this technique will allow estimation of the change in value of the emissivity as a
function of temperature. The robust utility and accuracy for M W P resided primarily in that it accommodated the complex dynamic nature of the emissivity by
accounting for it in terms of a generic spectral function rather than as a simple
spectral constant.

2.7.5 Recent Variations in the Application of MWP
Enhanced Accuracy for Non-Greybody Emitters
The most significant development of M W P since Gardner has c o m e from N g et
al[155]. Their work follows Khan[113], w h o built an instrument upon the principles of Gardner, and succeeded in performing accurate thermometry on the metals
platinum and molybdenum which are non-grey radiant emitters. A simple observation by N g et al of the highly non- Planck radiance from a ceramic (SiC) however, was sufficient to establish the inadequacy of a simple analytical expression
of emissivity, in spectrally weighting a Planck curve, to give a resultant curve
that conforms to the measurement. Additional complexity to thermometry is observed if a secondary radiation source is reflected off a radiating ceramic target.
This presents a problem to which one-colour, two colour/multicolour-ratio, total
radiation and multiwavelength pyrometry have no answer.
With exception however, M W P can be reconfigured to measure under such
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circumstances28 and the key features of this reconfiguration are n o w outlined. Its
essentially involves the instrument simultaneously measuring the spectral emissivity, which m a y be immediately used in the solution procedure.
Firstly then, the solution of N g et al in obtaining an accurate temperature estimate from the significantly degraded Planck-curve of radiance by a ceramic, is
to concurrently measure the reflectance spectrum of the ceramic over the same
bandwidth (2.5 to 14.5 fim) as the radiance spectrum. Advantage is taken of the
Kirchoff limit of zero-transmission in this bandwidth to obtain the complementary
spectra of emissivity, e(A) = 1 - r(X) (where r(X) is the reflectivity).
A reflectivity z(X) oc r(X) is measured from the normalised difference of two
spectra. Thefirstsignal spectrum Si (A) is the radiance spectrum directly collected
from a commercial 2 0 W infrared lamp source. This is subtracted from a second
S2(X), that is the combined radiance measured from direct target radiance and
reflected light from the lamp source off the target surface. T h e normalisation of
z(X) is made with respect to Si (A). Specifically
e(X) = (l-r(X))

=

l-jz(X)

where / is a geometric effect introduced by the different conditions in the paths of
Si (A) and S2(X). In the ultimate analysis / is m a d e an undetermined coefficient
in the following function
„,,

/

2-xhc2

z(X)\

.....

28

MWP as performed in this thesis, is not so compromised. Two precautions are made

only direct radiance and not reflected radiance is measured from the source. Firstly the aperture
in the insulation that permits sight of the source is cut to a small solid angle. Secondly the N A
of the opticfibreand the telescopic lens assembly proceeding it excludes collection of stray angle
reflections that may approach the collecting optics. The recessed connection of the telescope head
at the end of a chamber access-portal, which has a matt-internal surface funnel, further attenuates
reflected signal reaching the collector.
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along with the temperature T.
In their experiment an error of < 1 % was m a d e of the SiC target held at
a temperature of 360.2 K ( as registered by a thermocouple). A n independent
check on the essential correctness of their procedure was provided in the very
early work of Spitzer et al[195] from 1959. The single set of oscillator parameters
for the fundamental restrahlen m o d e in SiC then measured, were used to generate
the (theoretical) spectral emissivity et/l(A) over the bandwidth of the experiment
through R(X) as constructed from the dielectric function. Least squaresfittingof
the measured radiance, with the Planck curve newly modified according to eth(X),
yielded a temperature estimate of 355.5 K.
The means of making an estimate of temperature while an auxiliary source
of radiation is reflected off the radiating SiC is m a d e by a simple extension of
the previous treatment for the irradiating lamp source. The net detected signal
Srot(A) has two sources, Si (A) = S(A) (equ(2.99)) and, the reflected signal from
the target which is proportional to the signal from the radiance of the auxiliary
source
S 2 (A) = gr(X)Saux(X) = gZ-^-Saux

= hz (A) S O U I (A)

where g, like /, is a constant of proportionality. The radiance fitting function for
this physical arrangement is therefore
STot{*) = S(X) + hz(X)Saux(X)
The result of the fitting was a temperature estimate of 343 K which agreed to
within 1% of the thermocouple-indicated temperature of 339.7 K. A simple M W P
was in error by approximately 1 0 % (373.4 K ) . The unique capability of the fullspectrum M W P is emphasised w h e n seeking temperature estimates from materials
that have a complex spectral character. For SiC this occurs in the 10 — 12//m
interval, which is only significant at low elevated temperatures (300-400 K ) where
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the radiance peaks. At 1500 K the radiance peaks shift to about 2pm so that the
bandwidth considered by N g et al is 0.4 to 2.5pm (c.f. 1.0 to 2.5pm in the work of
this thesis which is described in the experimental chapter). In this spectral interval
Neuer[154], has measured the high temperature (1000-2000 K ) emissivities from
0.5 to Spm of a C/SiC component, graphite, SiC and hot pressed silicon nitride
(HPSN).
Of these thefirstthree have a dominant linear dependence while H P S N reveals
a strengthening quadratic dependence. High temperature reflection (here emissivity) spectra of aluminia, zirconia and solid solutions of zirconia in aluminia (5
and 10 weight percent), as measured for this thesis, reveal a linear spectral dependence. This, therefore suggests application of the simpler form of M W P for
estimation of temperature during microwave heating.
Besides N g et al, only two other papers to date describe a multiwavelength
technique that permits the simultaneous measurement of temperature and reflectivity (emissivity). Both deal with h o w temperatures m a y be measured during
heating by highly concentrated solar irradiation. Specifically Schubnell et al[186]
use a Charge Coupled Device (CCD)-camera to measure spectral radiance from
at most seven discrete frequencies with central wavelengths at 500 n m , 600 nm,
700 nm, 740 nm, 900 n m and 1014 n m each with a full width at half m a x i m u m
of lOnm. Markham et al[144] otherwise measure a full FTIR radiance/reflectance
spectrum from 500- 12,500cm - 1 (= 20—0.8pm).

Apart from experimental method,

each is very similar in analytical principle. The more comprehensive work was
performed by M a r k h a m et al. In principle, the spectral analysis of M a r k h a m follows N g et al, and a normalised difference is measured between specular and
diffuse radiance sources. The experimental method of M a r k h a m et al is more
comprehensive by measuring specular and diffuse reflectance components from
the target surface. Each is referenced to its respective standard, a gold reflector
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of specular or diffuse quality, through the action of a mechanical chopper wheel
that alternately permits specular and diffuse light sources to illuminate the target
surface.
As with N g et al, the target signal is expressed as
Si(A) = e(A,T)L6(A,T) (2.62)
where Lb is the blackbody radiance. Illumination of the radiating target by the
specular source gives a measured signal
S2(X) = Sl(X) + psp(X)e(X)spLb(X,T)F(X) (2.63)

where F(X) is the spectral function describing transmission loss of the optic fibr
relaying signal from the target to the detector and pap(X) is the specular reflectivity
from the target. Rearranging (2.63) gives
S2(A) - Si (A) = /9(A)spe(A)spL6(A,T)F(A) (2.64)
Equation (2.64) is normalised with respect to the direct signal from the specular
reflectance standard (RS) ( p a p ( A ) ^ = 1.0)
S«s(X) = p(X)RSe(X)apLb(X,T)F(X)
so that
__________

r>\*, J. )sp —

SRS(X)

The above analysis is repeated for the diffuse source illuminating the target
and for the diffuse reflectance standard. A diffuse reflectivity p(X, T)diff is obtained.
A fibre bundle carried light from the specular source to illuminate the target
surface at set angles. A singlefibreilluminated the target surface with light from
the diffuse source at near normal incidence. The net hemispherical-directional
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reflectivity of the target p(A, T) is the s u m of specular and diffuse reflectivity
terms
p(X,T)=p(X,T)sp

+

p(X,T)diff

As with N g et al, the Kirchoff condition applies so that
e(A,r)

= l-p(A,T)

Temperature is then directly resolved from curve fitting the signal spectrum with
(2.62) giving
,
Lb

Si (A)

~7(x7F)

A Unique Alternative to M W P
A very robust and recent novel alternative to M W P for accurate thermometry in
hostile environments is a single colour millimetre wave pyrometer. The thermometric context is one of a direct-current arc furnace. W o s k o u et al[229] report
using a heterodyne receiver (135 G H z ) for thefirsttime, being applied to simultaneously measure passive emission and active reflection. They take advantage of
the natural leakage from the local oscillator of the receiver to be an active probe;
a signal that is normally wasted or considered an unwanted interference signal to
other electronics.
This microwave pyrometer registers a voltage signal in direct proportion to the
target radiancefillingitsfieldof view. At m m - w a v efrequencies,thermal radiation
is linearly proportional to temperature through the Boltzmann constant kB as
pa = kBAfesTs (2.65)
where A/ is the frequency bandwidth of signal measurement, es is the surface
temperature and Ts is the surface temperature of the target.
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Besides the heterodyne receiver, the pyrometer consists of a graphite mirror,
rotatable graphite waveguide/window and signal chopper. T h e pyrometer is calibrated through measurement of its instrument function response at the ambient
temperature

Vr = CkBAf(Tp + Tr)
and the black body temperature

Vc = CkBAf(Tp + Tc)
where Vr and Vc are the signal responses due to a target at room temperature and
the calibrating temperature of liquid nitrogen, respectively. C is a constant of proportionality ,that depends on the pyrometer gain and power-to voltage response.
Tp is the pyrometer noise temperature, since the output voltage signal of a heterodyne receiver is governed by its o w n internal noise temperature, besides that of the
target. The calibration procedure records the alternate response from a microwave
absorbing material held at room and liquid nitrogen temperatures, via the action
of a mechanical signal chopper. VT measures the zero offset signal which V c fixes
the response to a standard temperature. The ultimate calibration is a difference
signal

V„a = Vr-Vc = CkBAf (Tr - Te)
obtained from a lock-in amplified reference to the signal-chopper frequency; similarly the voltage signal Vs due to Ts is

V, = CkBAf (Tp + ewTw + TwemTm + TwrmesTa)
where ew, em and es are emissivities of the window/waveguide, mirror and target respectively and, rw and T m are the transmission coefficients of the window/waveguide and mirror respectively. Tw and Tm are the temperatures of the
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window/waveguide and mirror. The measurement of interest is the difference signal
Vria = Va-Vr = CkgAf (ewTw + TwemTm + TwrmeaTa - Tr)
Vcai nnd V„ show that the differencing works in practice to eliminate the need to
know Tp.
The surface temperature is ultimately derived from
—
Vsig [Ir — Ic)
la = 7^
'cai TwTm£a

e

w

rp
J-w
TwTrn^s

e

m

rp .
J-m H

Tm€.a

1

rp
±r

,r, CCSl
(2.66)

TwTm£a

With the window/waveguide and mirror held within the hostile measuring environment ew,em, Tw and Tm are not readily determined. In fact, even though the
reflectivity of the graphite mirror m a y degrade by 2 0 % , and transmission loss increases in the waveguide due to furnace operation, an error of only approximately
3 % in Tj results (as determined from the full expression (2.66)) after a furnace
process, when e m , Tw and Tm m a y be measured. Equation (2.66) m a y then be
approximated by
r
Ts_^_ L__Ic+Tr
Veal

(267)

T

where r = T_rm, the total transmission factor, r is biased high to partially compensate for signal contributions from the transmission line components of the pyrometer. A t T r , (2.67) is exact. Equation (2.67) additionally assumes e3 « 1, since
measurements have shown emissivities of internal furnace surfaces to be high.
The two key strengths of this pyrometer are that the leakage signal, used or
reflectance measurements, can provide continuous information required to calibrated V, throughout a furnace process, and .secondly, equation (2.65), imbues the
mm-wave pyrometer with a m u c h larger dynamic range for temperature measurement. Infrared pyrometers in contrast, are designed to operate near the radiance
peak where the detected thermal energy is proportional to Ts4.
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2.8 Summary of the Literature Review
2.8.1 Dielectric Theory
Our deepest understanding of the dielectric constant was shown to derive from
the fundamental principle of causality. It manifests as the reactance of the electronic character of the dielectric (intrinsic or induced) to the probing force of the
electromagnetic radiation field.
From this most general description the reactance was shown to be the polarisation response of the dielectric to stimulation by an irradiating electricfield(the
magnetic susceptance of the dielectric being considered as negligible).
In both the classical harmonic oscillator (phenomenological) and quantum m e chanical formulations of the radiationfield-dielectricinteraction, the dielectric
constant appeared as the constant of proportionality (coupling term), which in
fact was the response function of the dielectric. T h e poles of the response function correlated with the normal m o d e frequencies of resonant absorption of energy
from the radiation field by the dielectric.
Mathematically speaking, the dielectric response function w a s seen to bt a
Green's Function, and its Fourier transform (taken for analytic convenience) from
the space/time to the Fourier-space/frequency domain, yields the associated dielectric function orfrequency-dependentpermittivity.
A key characteristic of the dielectric function is that its real and imaginary
parts are not independent physical entities but rather are most intimately related.
Thus from the dielectric function
K(OJ)

=

KR(UJ)

+ iKi(uj)

comes
, x

2

r°° KI(UJ')

7T JO
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Any physical theory of dielectric response must have as an inherent result the
satisfaction of these integral (Hilbert) transforms known in this dielectric context
as the Kramers-Kr6nig (or K K ) transforms.
Causality applied to reflectance spectroscopy yielded the analogous K K transforms. Thus
y

In \r(a)\ = - /

' do

7T J-oo O — Oj

and
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from
In \f(a)\ — ln \r(o)\ + iip(o)
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n J

- = r e^(tr)
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'

where
r(a)r*(o) - R(a)
is the measured reflectance (power reflection coefficient) for a normal angle of
incidence of irradiation and m(=

Jk{a) the complex refractive index.

These K K transforms uniquely link the reflectance amplitude signal R(a) and
the reflection phase angle ifj(o) of R(cr), with respect to the incident signal upon
the dielectric m.
The spectral argument of R and ij) being o, was chosen instead of UJ where
the experimental preference is to operate in terms of the wavenumber (reciprocal
centimetre wavelength) rather than frequency.
Accurate determination of ij)(a) is not trivial. From the integral transform,
r(o) is required to be known over an infinite spectral domain. This is impossible to
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satisfy experimentally. Instead the broadest spectral measurement must be m a d e
and numerical compensation added to extend the truncated spectrum to l i m ^ o R
and linv-Kxs #> by so called wing addition. T h e most comprehensive study of
this was m a d e by Andermann et al [3]. His procedure is to been followed in
the analysis of reflectance spectra in this thesis. Following Andermann et al, the
integral transform for ijj(o-) is better rendered

7T Jo UJJ-OJ1

This equivalent form has three main advantages. Itfirstlygives m i n i m u m distortion to IJJ(OJ) while ensuring tp((Tj) is always positive. Secondly, the direction
of the required variation in limiting values of the required associated refractive index spectrum n — (1 + r)/(l - r), m a y be predicted to assist in reflectance wing
correction. Lastly, the integral always remainsfinite.T h e calculation of ip(a) over
the semi-infinite interval (0, oo) was discussed in section (2.6.1).

2.8.2 Field Absorption Processes and the Dielectric Function
The dielectric character of a material was seen to be a complex function of its
molecular/atomic constituents and their associated bond types and strengths. External factors are its volume, thermal boundary conditions and the initial conditions of the energy (frequency) and amplitude of the electricfieldvector.
At the instant of turning off the microwavefield,a dielectric will return to
thermodynamic equilibrium along a multistage path[24, p322]. T h e event of most
rapid relaxation involves extinction offree-charge-carriercurrents (should they
have been present) and polarisation charge (if bound charge exist). A lesser rate
process is a transition to local thermodynamic equihbrium that is related to relaxation in the perturbation in the Boltzmann energy distribution. The slowest
relaxation process belongs to thermal exchange through the volume of the dielec-

115

trie as described by the Fourier heat law of classical thermal diffusion.
Under the prolonged action of a microwavefield,the largest proportion of
energy will be partitioned into local thermodynamic equilibria [24, p323], (the
proportion of energy absorbed being related to the time constant of the absorption
mechanism).
The description of electricfieldabsorption by a dielectric was seen to reside
in two frequency domains with a general experimental demarcation determined
to fall at w 1 G H z , with dielectric relaxation mechanisms characterising the low
frequency domain and resonance mechanisms the high frequency domain.
A universal law of dielectric polarisation response was independently found
to exist in each frequency domain, with the mechanics of the Many Body theory
proving to be a platform c o m m o n to the theoretical development in each.

The Dissado-Hill Many Body Theory of Universal Dielectric Response
Infirstlydealing with the low frequency domain (v < 1 G H z ) , the most comprehensive formulation to date of a universal polarisation response has principally
been provided by Dissado and Hill[41,40, 81, 82, 85, 84, 86]. A n alternative (and
perhaps yet complementary) physical theory, based upon an energy criterion, has
been proffered by Jonscher.The motivation to search for a universal law of dielectric response followed from the empirical formulation given be equation (A.6)
I(t) oc t~s
which is a decaying power law in the time-dependence of the depolarisation current. Jonscher found (A.6) to hold for an extremely diverse range of materials that
covered a wide variation in phase state, bond type and charge mobility. Equati n
(A.6) was noted to have two distinct time domains, one slow (0 < s < 1) and
the other fast (1 < s < 2). The slower time domain characterised charge-carrier
response while the fast characterised dipole response.
116

By way of the relation
— 1 = XH(W) - *X/(w)
the frequency domain response (i.e. complex Fourier transform of (A.6)) gave
equation (A.7)

in which

0

te)" ~ frr "" - > *
fe)""1 ~ (*r - < i
which well described the logx versus logw for the multitude of real dielectrics
reported. Hill[81, 82] established m and n to be mutually independent parameters with 0 < m, n < 1, thereby implying that any physical theory of dielectric relaxation had to yield two distinct mechanisms of response. It was further shown that the previous one parameter dielectric relaxation models of Debye
((m,n- 1) = (1,1)), Cole-Davidson/Williams ((m, -(n - 1) - 1), Cole-Cole
and Fuoss-Kleinmann (m = 1 — n) were special cases of (A.7).
A n important result of the universal law for charge carrier systems away from
w = up, and in dipole systems for UJ » UJP, is its conformity to causality. Figures
(A.la) and (A.lb) showed x/(o;) oc XR{U)
so that XI{U)/XR{V)

overm e

specified frequency interv ds

= constant. In order for the K K transform

XRW = *&&!$<->'

2

Xl(oj)--

-f-^duj'

to hold under the proportionality condition xj(td) oc X K ( W ) , it is required[103]
that X/(w) = Asgnuj\uj\n~l and

XR{U>)

= A tan(n7r/2) |cj|n_1, where A is a

constant. The ratio of complex to real susceptibility is then by equation (A. 8)

^ 4 = cotfn^=tanf(n-l)^=C UJ » OJP
J
p
X*M
V 27
V
2j
with C a constant.
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Equation (A.8) represents an alternative expression for the universal luw
dielectric relaxation response and is referred to as the flat frequency response. It
holds over several decades and is not significantly temperature dependent! 103].
The physical characteristics indicative of the universal response are a spontaneous transition by charges (dipoles) followed by gradual relaxing interactions
among the surrounding charged sub-system (e.g. the screening charge model of
Jonscher[104]. T w o time scales are apparent. T h e short time scale of abrupt
individual excitation and the slow time of collective adjustment a m o n g m a n y interacting charge carriers (bound or free).
A second physical attribute of the universal dielectric response is in the entropy of the charge carriers[84]. Entropy is present at several levels. Firstly in
the random orientation of the permanent dipoles even though they m a y be in a
regular lattice. Secondly, in their random distribution in addition to orientation.
This implies each individual pair-coupling dipole is unique as with carrier-carr er
interactions. Thirdly, lattice-charge interaction. Entropy drives the various interaction combinations so that the energy of one charge carrier influences all others
an is similarly acted upon by all others29[51].
The m a n y body theory of Dissado and Hill (henceforth DH)[41,40, 85] of universal dielectric relaxation response is developed upon the connection Ngai[156]
between (A.6) and the t~n behaviour[91] characteristic of ir divergence (IRD) and
anomalous absorption of X-ray photons in the X-ray edge problem of metals[139].
IRD and X-ray anomalies share with the universal dielectric response, the feature
of a spontaneous potential transition (fasttime)which triggers a transient response
(slow time) a m o n g lower energy excitations which themselves emit a spectrum of
Recognition of the importance of correlated states has been considered in the correlation function approaches of many body interactions[19]. Jonscher notes however their limited usefulness
since analytic methods used require sums of many terms before convergence to a full description.
Using only a few terms leads to a poor convergence so that analysis is compromised [108].
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excitations that extend to infinite time.
D H theory generates two independent mechanisms to account for the two independent variables m and n, in addition to accounting for the remnant of measurable loss at m K temperatures and the temperature dependence of UJP.
The totality of information that can be obtained from dielectric spectroscopy
are the set offivemeasurable parameters of the system

{X(0),OJP,

e^, m, n}[86].

The high energy permittivity e ^ is not considered in D H theory because mechanisms responsible for it reside in the spectral domain of resonance response.
Until D H theory, the aim of dielectric spectroscopy has been to determine the
temperature, pressure and extrinsic (material processing) dependence of %(0) and
ojp, which are respectively the low frequency limit susceptibility

XR(^)\W^O

and

the relaxation rate constant. D H theory is particularly concerned with the spectral
shape of x(o;) (i.e. behaviour of (A.7)), as characterised by m and n, which
significantly constitute one half of the set required for dielectric characterisation.
D H theory is constructed from a model that considers the cooperative interaction of many charge-carrier systems (bound orfree)in an interacting medium[42,
43]. It constitutes an added complexity to the conventional picture of the twolevel, double-potential well, used to analyse orientational, interfacial polarisation
and conduction loss. D H theory is succinctly depicted in Fig. (A.3).
The complexity of multiply interacting individual systems adds to the conventional well picture by splitting the troughs of the potential relative to one another,
to cover the extended energy range 2Beff depicted in Fig. (A.3). The potential minima which are the preferred orientation of the charge carriers, are themselves further modified by a broadening that represents the distribution in energies amongst the correlated states (25 c o r r ). The appearance of this narrow energy
band 2Bcorr, is not part of the conventional one-particle band theory of solids. The
energy states are instead attributed to entropy effects and mutual charge-carrier in-
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teraction.
Besides the contribution of E (as previously outlined in conduction loss etc.),
the splitting 2Bcorr, is n o w also taken as a function of the occupancy (kBTcp) of
the two minima (i.e. of the net dipole m o m e n t (p) as a result of interaction) and
the configuration of the local potential B in the vicinity of charge carriers (e.g. the
Debye screening radius [ 105]. Thus
Beff = B + X(E) + qrransE

where (frrans is the dipole moment of the transition, X(E) is the interaction ener
offirstorder and Tc from a little earlier is the critical temperature that relates to
the strength of interaction. Beff leads to a non-linear equation for the equilibrium
dipole moment[82, 86]

a = -* (ff)
For a bulk system perturbed by E the relaxation to pe from p is given to take place
by three types of transitions.
The culmination of D H theory is the complex susceptibility formulation of
equation (A. 12)

x(w)=x(0)FU,n,q
where one is referred to the mathematical review in Appendix A.2.2 for an explanation of the amplitude x(0) and shape function F(m, n, UJ/OJP. Equation (A. 12)
has m and n as spectral shape factors to x( w )> e a c n corresponding to a particular
co-operative process at play in the dielectric.
Specifically in the limit m, n — > 1 m and n refer to complete correlation
among particles, while the limit m, n — > 0 corresponds to a complete absence
of correlation.
Equation (A. 8) is therefore seen as the limit of strongly correlated consecutive
flip transitions (UJ »

UJP) which is characteristic of a strong structural order in
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the dielectric (e.g. well ordered crystalline systems). Conversely for UJ < up,
X/(w) a x(0) — XR{U)

OC ojm. Theflatloss is characteristic of an intrinsic

response after other loss mechanisms (e.g. dipole) have been purged or the system
is lowered in temperature. Besides beingfrequency-independent,(A. 8) is virtually
temperature-independent which also implys thermal activation to be negligible.
The temperature dependence of x(^)[84] is most clearly reflected in its shape
factor F(m,n,

(OJ/UJP)).

It is distinctly insensitive to temperature except about

OJ « ojp at which point it narrows and approximates to the ideal Debye form. With
increasing temperature therefore, m increases and n decreases. This is an indication of an approach to a structural phase transition or of increasing entropy since
m is related to the noisefluctuationofflip-floptransitions. Under such circumstances, (A.7) implies the complementary decrease in correlatedfliptransitions.
In regard to x(0) as a function of 6JPT[40, p286], D H theory leads to
Xl{0)max oc w_ ; kBT # X(E)

with the result that for dielectrics in which X(E) is essentially independe
temperature (implying the presence of a phase transition) then Xi{®)max, the maximum amplitude of the loss peak, is related to OJP as
xMma* oc uj;'1 ; kBT - X(E)

This could never be evident in the empirical one-parameter formulae that ar
from statistical distributions ^(r) of multiple relaxation times.
A supplementary point to the discussion of D H theory thus far is made in regard to xi, as it must additionally incorporate dependence upon thermal activation
of defect concentrations. Defect-induced dipole moments would each be uniquely
described by their respective magnitude of response xo and temperature dependent
rate constant UJP. As well, the non-Debye parameters m and n characterise a shape
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function F(OJ/UJP that describes the ensemble-average of the resultant current density (A.ll) that arises from the competing relaxation paths (Fig. (A.2)). The total
absorption xi m u s t properly be proportional to a sum over all shape functions
weighted with their respective defect concentration.

The High Frequency Theory of Resonant Dielectric Response
At the limit of D H theory for u » OJP in highly ordered (strongly correlated) crystal systems, continuity in physical understanding of x(w, T) is partially provided
in the older quantum mechanical formulation of Maradudin, Wallis, Fein, Ipotc va
and Cowley.
A key result in the formulation of the dielectric function by Cowley (as based
upon the work of Maradudin, Wallis, Fein and Ipotova), is equation (2.28, 2.49)
>V

=

KR{u,T)-iKi(uj,T)

2u(0j)

w2{0j)-u;2+2ui(Sj)[Aw(Sj,u,T)+ir(5j,u,T)\

This result is true only for centrosymmetric crystals (i.e. those crystals possessing a symmetry element of inversion). Equation (2.28) was the result of summing interaction terms of the anharmonic Hamiltonian by means of a diagramme
technique (as given by Dyson's equation).
Working with the classical dielectric function of Lorentz-Lorenz (2.50)

_
K(OJ)

= KR(UJ) ± KT(OJ) =

M
_-Aej^—-_——

Gervais[67] showed that an equivalence between (2.49) and (2.50) follows for t
identities:
Ac

A - = SiMriM>4
n]

=

OJ7J

=

oj2(0j)+2uj(0j)Auj(6j,oj,T)
2uj(0j)r(0j,uj,T)
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This achieves a generalisation of the classical dielectric function whereby its
is able to describe frequency-dependence of phonon m o d e damping (i.e. of the
self energy of the phonon Auj(0j, UJ,T)+

IT(6j, UJ, T)).

The above, together with the result that T O phonon modes are the poles of
K(UJ) and L O phonon modes are the zeros of K(UJ) (or poles of the reciprocal
dielectric function), meant that the dielectric function could be factorised to give
equation (2.80)
K(0J) = KR(UJ) ± Ki(0j) = e00[[ I*°

2

•
j *C3TO

W

"+" ll]TO

Equation (2.51) represents a four parameter semi-quantum model (FPSQ); the
four parameters being, fiJLO, jJLO, ClJTO and jjTO in distinction to the classical three parameter model consisting of the resonance frequency fy, oscillator
strength Ae,- and damping factor jj.
The F P S Q model represents a valid approximation for crystals having a smooth
frequency distribution of phonon branches (density of states) where the lowest
two-lowest phonon density of states behaves as a slowly varying function of frequency and is essentially constant in the neighbourhood of ilj.
The F P S Q model posses great analytical utility in study of reflectance spectra, enabling more accuratefitsat higher energies and temperatures, than can be
achieved by a purely classical model.
In contrast to the work of Maradudin, Wallis, Fein, Ipotova and Cowley, the
key result of the treatment of radiation-crystalfieldcoupling by Gurevich et al,
was torigorouslyestablish the point group symmetry of a crystal to be the principal factor in governing the full spectral and thermal character of its dielectric
loss.
This results is entirely consistent with Neumann's Principle! 158], which states
that any physical property of a crystal must include the symmetry elements of
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the point group of the crystal. A formalism consistent with this principle, resulted for Gurevich et al through their construction of the electro-phonon potential (EPP). The E P P effectively mounts to a more direct treatment of the general
tensor character of the dielectric susceptibility, than is provided in the treatment
of Maradudin, Wallis, Fein, Ipotova and Cowley.
Calculation of the anharmonic terms in the perturbation Hamiltonian, in part,
follow from projection of the E P P (a tensor) onto the polarisation tensor of the
crystal (while obeying photon-phonon interaction selection rules based upon the
laws of conservation of energy and m o m e n t u m ) , for a given wavevector of the
radiationfieldimpinging on the crystal.
Centrosymmetric crystals in particular are characterised by the main diago . 1
of the E P P being zero. The non-zero off-diagonal elements reflect symmetry operations of the point groups. O f the thirty two crystallographic point groups, those
of centrosymmetric character had

KI(OJ)

dominated by two and three-phonon pro-

cesses while non-centrosymmetric crystals had

KI(OJ)

dominated by three-phonon

and Quasi-Debye processes.
A comparative summary of the various

KI(OJ, T)

derivations by Gurevich (et.

a.) have been summarised in Tables (2.5 - 2.8) and Figs. (2.7) and (2.8). The figures in particular describe the generic dispersion of centra and non-centrosymmetric
crystals of ordinary (i.e. non-ferroelectrics) dielectrics.

Mechanisms of IR and Microwave-crystal field interaction
It was noted that the interaction of electromagnetic radiation with the crystalline
dielectric solids is fundamentally governed by both the energy of the radiation
and the symmetry point group of the crystal. Yet in order for an interaction to be
permitted both the energy and (quasi) m o m e n t u m conserving coupling mechanism
must be satisfied, and a dipole m o m e n t term must either exist or be generated.
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The tree distinct energy coupling mechanisms identified[92] were one-phonon
(restrahl), multi-phonon and defect-induced one-phonon absorption.
One phonon absorption is described by the classical oscillator model of LorentzLorenz (equation (2.50)). It is strictly restricted to describing ionic isotropic crystals that posses an intrinsic dipole moment. A photon decays to create a single T O
(restrahlen) phonon.
Multi-phonon absorption occurs during two or higher phonon interaction processes. In these a net electric m o m e n t m a y couple with the (microwave) photon. This process is a means of absorption in both ionic and covalent (homopolar) crystals. Photon-phonon coupling mechanisms have been proposed that separately model microwave (Fig. 2.4) and ir (Fig. 2.5) absorption where they
were described by interaction diagrammes (which strictly apply for cubic crystal systems), Microwave absorption firstly was described by difference (D) band
(phonon branch) processes and same (S) band processes. D-band processes described microwave absorption for crystals of the rock salt structure (e.g.

NaCl),

for which every ion is at a site of inversion symmetry. S-band processes were
like D-band processes except the annihilated and created phonons lay on the same
band. S-band processes describe microwave absorption for crystals having the
zinc blend structure (for which every ion is not at a site of inversion symmetry'.
IR absorption was similarly described by two mechanisms[76, 176]. The first
only occurred in ionic crystals to which an incident photon could couple to a
T O phonon m o d e in a virtual processes that would decay into different branch
phonons. The second mechanism has the photon coupling directly with two
phonons. O n e phonon induces a charge which the second displaces to create a
second order electric m o m e n t aligned parallel to the electricfieldvector. This
mechanism can occur in both ionic and covalent crystals.
Defect-induced on-phonon absorption is of most significance to covalent crys-
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tals of the diamond-tike structure, in which the creation of a single phonon is not
ordinarily accompanied by displacement of an electric moment. Absorption can
however occur where afirst-order(i.e a point defect, as caused by an impurity or
interstitial atom) induces a local charge polarity.
The three fore-going absorption mechanisms are true for both single and polycrystalline dielectrics. Polycrystalline dielectrics however m a y extend defectinduced absorption to include extended defects such as dislocations. Grain boundaries otherwise m a y possess intrinsic polarity (particularly at high temperatures
below the sintering temperature).

2.8.3 Dielectric Measurement
Various measurement techniques for determination of KI(UJ) were reviewed. The
review sort to outline the measurement philosophy of each as well as to trace
sources of measurement error, providing a comparison of relative percentage errors in KR and «)/.
The measurement techniques reviewed m a y be loosely grouped into either a
passive or active class. The passive class consists of the coaxial probe and the resonant cavity (see Appendix E for a schematic overview of their implementation in
this thesis). The active class have thefree-space(i.e. no signal guiding structure)
devices which apply techniques of Fourier Transform Spectroscopy (FTS) at either microwave and m m wavelengths (e.g. the backward wave oscillator ( B W O ) )
or ir wavelengths (e.g. the Michelson Interferometer).
The experimental devices in the passive class are there, in that their electri -"1
response is the subject of measurement. Contrariwise, experimental devices in
the active class probe by irradiating the dielectric, and so measure the transmitted
and/or reflected signal response of the dielectric. For this reason active devices
reveal absorption mechanisms w h e n quantifying dielectric loss whereas passive

126

devices can simply only quantify. In needing to quantify the dielectric constant
directly at microwave frequencies, passive techniques remain useful and reasonably accurate.
The free-space interferometric techniques of F T S instead measure the dispersive response of the dielectric which directly conveys information on phonon and
defect absorption processes (if present). T h e chief exercise in the application of
m m and ir techniques to microwave dielectric analysis, is in the means of extrapolating the measured dielectric function from the m m or ir domain d o w n into the
microwave (cm) domain.
For this, the Lorentz-Lorenz oscillator model, allied with K K analysis, has
been used most often, and with surprising success; while the F P S Q model has
come into more recent use. This point however is soon to be dealt with more fully
when summarising the results of various researchers.
The practical advantage that free-space techniques have over passive techniques is their ability to treat separately the issues of dielectric measurement and
heating of the sample to permit temperature-dependent studies.

The Coaxial Probe
More specifically measurement error in K(UJ), using the coaxial probe, has been
shown to reside chiefly in the model of the transmission line terminated by the
dielectric (i.e. in the equivalence network model inverse point-matching model).
Ti contributes an error on the order of 1 0 % in «/(w)[13]. The apparatus typically
consists of a vector network analyser ( V N A ) andflexiblecoaxial transmission
line. Measurement error due to the applicator is isolated to a random S/N error of
± 0.001 coming from residual air gaps at the load-termination of the coaxial line,
and in frequency and temperature- dependent errors in the reflection co-efficient.
Frequency-dependent systematic errors m a y be corrected for by determination
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of the network scattering parameters (which involve characterising the directivity,
tracking and matching of the network, using calibration standards of an open (air),
shorted (metal) and 50fi characteristic impedance match termination, respectively.
Temperature-dependent systematic errors are sought to be corrected for by noting
the increment in phase of the reflection coefficient as the dimensions of the probe
headexpand[4].

The Resonant Cavity
The resonant cavity resolves k(u) from the shift in resonant frequency Au and
quality factor AQ

of a metal cavity upon insertion of a dielectric into its vol-

ume. These effects are related to geometric distortions of the electromagnetic
field modes established in the cavity. The principal constraint upon accurate iielectric measurement is that their be a m i n i m u mfieldperturbation upon insertion
of the dielectric. Measurement error in k(u) is essentially a function of the aspect
ratio of the cavity and dielectric sample. They are accounted for by a real constant
which is constructed from the relative shape factors of the sample and cavity.
Cavity and sample dimensions are therefore designed to minimise the shape
factor error, but this is note sufficient for good accuracy[231]. The most significant
source of error is in the measurement of Au and Al/Q

(which m a y be minimised

by additional measurements of adjacent modes, if they were designed for[172,
173]).
Temperature-dependent dielectric measurement using a resonant cavity is complex. Various schemes have been, to heat both sample and cavity, to use the microwave signal for simultaneous heating and measurement, and even to have a
laser irradiate the sample. Generally, uncertainty in KJ(UJ) at room temperature is
of the order of 1 0 % or worse.
Measurement theory requires a m i n i m u mfieldperturbation, hence a small di-

128

electric sample is needed. However measurement uncertainty in Au and A(l/Q)
is increased to ultimately give large errors in k(uj). Using a larger sample diameter, while reducing measurement error in Au and A(l/Q),

compromises the

validity of the theory which assumes a uniformfielddistribution in the dielectric.

Free-Space Techniques
Thefree-spaceF T S techniques of dielectric measurement were introduced v, •.":..
the B W O and Michelson Interferometer. The B W Ofirstly,was shown to be a device that could combine the best features of microwave techniques an F T I R spectroscopy to directly yield very accurate absolute dispersion curves of «(o;)[119].
Its great advantage over conventional F T I R reflectance (power) spectroscopy is
its ability to separately measure transmission/reflection spectra from the transmission/reflection phase shifts. Immediate introduction of such spectra into the
rigorous formulation of the Fresnel equations directly yields K(UJ). For samples of
« 30pm thickness, k(u) can be determined upto

KR(UJ)

« 1000 within an error

of ± 5 % and with a(uj) « lOOfi.ra-1, Aa(uj) to with ± 1 0 % . Other measurements
typically give (for non-magnetic material)

KR(UJ)

to within 1 - 8 % and KI(UJ) to

within 5 - 1 0 % .
Conventional FTIR reflectance (power) spectroscopy, though noted to be inferior to the B W O in accurate measurement of K(UJ), m a y be re-configured :or
amplitude spectroscopy, thereby enabling it too to directly measure

K(UJ).

TMs

would obviate the need of having to compute the reflectance phase angle for a
reflectance spectrum through the K K relations. T h e practical difficulty of amplitude spectroscopy is in the replacement of the stationary Michelson mirror with
a dielectric mirror that has been prepared to near theoretical density and polished
to be opticallyflat.A temperature-dependent dielectric study has the very significant added difficulty of heating this dielectric mirror. It is often therefore easier to
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perform conventional FTIR-reflectance spectroscopy and employ analytic techniques to enhance K K analysis for improved accuracy in resolving

K(UJ).

T lis

has historically been the case, and the section to follow summarises the conclusions of recent research that has used K K analysis together with either classical or
semi-quantum dispersion analysis to calculate extrapolated estimates of KI(UJ) at
microwave frequencies.

2.8.4 Summary of the Feasibility of Estimating k(u) from an
Extrapolated Dispersion Analysis of Reflectance Spectra
Tables (2.2) and (2.3) summarised the research to date in measurement of the
dielectric function via reflectance spectroscopy. W a k i n o et al initiated the body
of research, listed in the top part of Table (2.3), that dealt with r o o m temperature
studies of polycrystalline compounds. In particular they were thefirstto extend
classical dispersion analysis in seeking tofitthe complex reflectance spectra of
microwave ceramics.
By adjusting discrete sets of dispersion parameters 30 by least squares analysis,
Wakino et al were able to construct dielectric dispersion functions from which
they could generate reflectance spectra that bestfittheir data. Having obtained
the appropriate dispersion function, this could be extrapolated to estimate the loss
tangent (or Q factor) at any given microwave frequency.
However, a general application of classical dispersion analysis to construct a
dielectric function that can be used to generate fits to the reflectance spectra of
complex crystals, is not theoretically justified[167]. It is to be remembered that
classical dispersion analysis is built upon an isotropic crystal model that does not
admit interaction (coupling) a m o n g the oscillators. For temperatures less than he
Debye temperature, an analysis of the classical oscillator model reveals it to esti°Classical dispersion parameters are the resonant frequency, oscillator strength and damping.
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mate an intrinsic loss, w h e n extrapolated to microwavefrequencies,to be proportional to the damping of the dominant polar optic phonon m o d e (which remains
finite, i.e., independent of temperature - even in the limit of zero Kelvin.). For
temperatures greater than the Debye temperature, the classical oscillator predicts
/c/ oc T, since variation in the damping factor is proportional to temperature.
Factors which compromise the accuracy of extrapolated estimates of microwave
loss are those which experimentally broaden reflectance bands of F T I R reflectance
spectra. This mainly occurs with random orientation of the crystal optic (c-axis)
with respect to the plane of polarisation of the incident electricfield.Randomised
reflectance m a y c o m e from either unpolarised incident ir light, a polycrystalline
sample, or both. The average effect of random c-axis orientation is to give an artificial broadening of reflectance bands. Dispersion analysis would interpret this
as an increase in effective damping of the T O phonon mode. O n e benefit however
is that randomised optic axis orientation (particularly of low symmetry crystals)
approximates to an isotropic system which crudely permits use of a classical analysis. Randomised crystal orientation and radiation polarisation therefore pose the
most significant compromise to a temperature-dependent study of dielectric loss,
since an increase in temperature itself broadens reflectance bands while shifting
them to lower energies. Generally speaking then, a classical analysis is strictly
permitted only for pure, isotropic, single crystal systems.
The F P S Q model however has increased success infittingreflectance spectra by permitting damping factors of T O and L O phonon modes, associated with
each reflectance band, to retain an implicit frequency dependence and to vary independently of each other. T h e dielectric function of the F P S Q model has led
to consistent, very close agreement (typically 5 — 1 0 % absolute error) between
estimates of KJ(OJ) from ir frequencies to those measured directly at microwave
freqnencies[55].
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The F P S Q model represents a very deep fundamental understanding of crystal
response to an electromagnetic stimulus, since it isrigorouslybuilt from Maxwell's
equations rather than from any phenomenological model. E v e n so, a key conclusion from the extensive research of Petzelt et. al. In particular (who prefers the
classical analysis), is that microwave loss estimates, extrapolated from the classical dielectric function give at least order-of-magnitude agreement with dielectric
loss measurements m a d e directly at microwave frequencies.
Other results show KI(UJ) as a function of KR(UJ) to be more dependent than
the classically predicted KJ(UJ) oc K2R(OJ).
The analytical utility of reflectance spectroscopy for dielectric measurement
is greatly dependent on material preparation. B y trial-and-error, it has been learnt
that the density of a ceramic powder compact ought to exceed 9 5 % theoretical
density. This is in order for KR{OJ) to behave as an intrinsic material property,
otherwise low frequency dispersion effects become dominant due to space cho -•
sources at air/grain boundaries. This is significant since KJ(UJ) has already btci
shown to be sensitively dependent upon

KR(OJ).

At high densities, classical oscillator analysis determines KR(UJ) to be dispersionless over the c m (microwave) - m m - ir waveband, which is consistent with
effective m e d i u m theory[162]. High material density ensures intrinsic losses are
being measured and that extrapolation of the dielectric function to microwave
frequencies enables at least a correct order of magnitude estimate. U s e of wellprocessed ceramics will additionally enhance the component of intrinsic loss that
constitutes the total dielectric loss (K(UJ) = «(w)j„trmsic + K{U) extrinsic)The general prescription for worthwhile FTD3-reflectance spectroscopy is for
samples to be prepared with a high-quality, specularly reflecting surface at ir energies. If the sample surface is too rough (i.e. Ra > lp,m), the reflectance R(UJ)
will decrease with increasing wavenumber instead of remaining constant and so
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introducing drastic errors into the K K analysis.
Recent improvement has been afforded to three (classical) and four (FPSQ)
parameter fitting of reflectance spectra by Pecharroman et al [162], for ceramic
powder compacts. The three and four parameter and full quantum expression of
K(OJ) strictly apply to the polarisation response of single crystals, so that Pecharroman et al has generalised Effective M e d i u m Theory ( E M T ) by introduction of
a percolation (critical volume fraction of a given dielectric component in a mixture), and depolarisation factor (derived from particle dimensions as measured say
from a T E M micrograph), to allow more accurate fits to R(u) of polycrystall ne
(particle) compacts.

2.8.5 Thermometry in Microwave Fields by Multiwavelength
Pyrometry
Figure (2.10) provided the context of the more recent technique of multiwavelength pyrometry ( M W P ) a m o n g the existing classes of pyrometers.
M W P seeks to resolve an estimate of temperature from the radiance of a hot
body by either concurrent measurement of the surface reflectivity or by assuming (or independently determining) the spectral emissivity to be described by a
given analytic expression. It proceeds by spectrally weighting a theoretical blackbody radiance spectrum with either of these emissivity data. A conventional least
squares analysis algorithm then works to calculate a radiance curve of bestfitthat
passes through the experimental radiance data. A temperature estimate is me.de
once certain undetermined coefficients, that construct the emissivity and temperature in the radiance model, have been resolved which minimise the goodness-of-fit
parameter x 2 , of the Gaussian probability distribution function. Least-squares fitting is pursued either by linear or non-linear routines according to the complexity
of the experimental spectral radiance.
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For the most part, M W P has been examined only theoretically through computer simulation. Only a handful of papers[45, 60, 61, 62,113,155] report actual
experimental implementation of M W P . O f these only Donnan et al and N g et al
have applied M W P to the more complex situation of thermometry of hot cerariic
surfaces (c.f. metals). O f these further two, only Donnan et al has applied M W P
in a microwave (heating) context. The work of N g et al was shown to be important for expressing the Umitations of (even) M W P under circumstances where a
secondary radiation source irradiates an already emitting hot body. Again, of all
pyrometers, only the M W P is capable of thermometry under such conditions, but
only after modification to enable it to explicitly measure emissivity (through the
reflectance from an opaque surface), concurrently with the radiance.
Apart from M W P , the most recent and robust development in thermometry for
hostile environments and complex variation of emissivity, is the novel use of a
heterodyne receiver (135 G H z ) operating as a millimetre wavelength (microwave)
pyrometer. Here Woskou et al[229] apply the otherwise stray and unwanted natural leakage from the local oscillator of the heterodyne receiver, as an active (reflection) probe. The microwave pyrometer registers the voltage signal in direct
proportion to the temperature of the object, thereby giving it a wider dynamic
range than conventional pyrometry (where there is a radiant power dependence on
temperature of T 4 ) . With the millimetre wave pyrometer, the surface temperature
of the hot target is ultimately simply estimated from

where Vaig is a difference signal between the voltage signal, due to the target, and
that due to a room-temperature blackbody. The terms Tr and Tc are the temperatures of the blackbody at room temperature and some other calibration standard
(here served by a liquid N2 bath), respectively; and r is a total transmission factor.
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Chapter 3
Experimental
3.1 Equipment and Procedures
3.1.1 The Bomem (Michelson) Interferometer
The brief introduction to FTIR spectroscopy in the literature review presents the
ideal (theoretical) case. Implementation of FTIR spectroscopy, however, is limited
by the ability of the current technology that constitutes a spectrophotometer.
The B o m e m interferometer represents one of the more recent (post 1980) attempts to employ laser and computing technology to more accurately extract the
spectrum B(q) from the interferogram 1(6) via the inverse Fourier Cosine transform of (2.33), i.e.
B(q)=

/
I (8 cos (q8)d5
(3.1)
Jo
where B (q) denotes an approximation to the spectrum because the upper limit of
integration in (3.1) is 5 m o x <C oo where Smax is the limit of mirror travel.
The B o m e m is in the class of rapid-scanning interferometers. Referring to the
literature review (section 2.4), this means that the velocity of the scanning mirror
um modulates the signal frequencies of the source at audio-frequencies. This
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is in contrast to slow-scan interferometers such as the Polytec (which was used
during initial reflectance studies) where mirror velocities transform the optical
signal frequencies of the source to sub-audio frequencies.
Modern (Michelson) interferometers resolve B'(q) by digitising I (8) so that
(3.1) becomes
Thnaz

B'(q) = £

r

(nA6)cos (QnA8) +1(0)

n=l

when AS is the elemental retardation1 defined by the sampling-interval. This
procedure is m o r e precise compared to earlier methods of integrating the cosineweighted analogue interferogram.
The B o m e m performs Digital Signal Processing ( D S P ) by sampling the interferogram according to the fringe pattern established by a thermally-stabilised,
single-mode H e - N e laser (632.8 n m ) 2 . T h e H e - N e laser is aligned parallel with
the optical axis of the interferometer. A laser cosine waveform is consequently established with approximately 31,600 cycles per c m of mirror displacement, with
an r.m.s. deviation of < 0.3% of the true sample interval (of 633.0 n m ) being routinely obtained. T o avoid aliasing due to the periodicity of the cosine functio i ,
the sampled wavenumbers are limited to an interval of 0 to l/2Ar5 c m - 1 . T h e
discrete Fourier transfer requires AS to be constant.
With interferogram sampling of one per laser fringe, AS is 0.633 x 1 0 - 4 cm.
Therefore B' (q) m a y be resolved for wavenumbers from 0 to l/2Ar5 =7,899 c m - 1
'Retardation, or time-dependent path difference 6, is the path difference introduced between
two separate beams (that have emanated from a common source), after one has been made to
traverse a greater distance.
2
The He-Ne laser is thermally stabilised to ensure single mode lasing with a frequency variation
of less than 0.Q025 fringes per cm.
3
Since cos (qnAS) = cos (-qnAS), B(q) — B(-q). Furthermore, the equality holds for an
argument ofCT+j^ for m e Z (i.e. m is an integer) in / (6). This discrete translational invariance
a+
a+

A$ constitutes aliasing. A discrete Fourier transform of / (6) cannot resolve components CT,
2J and ~a + Aa • T ^ sampling interval is therefore constrained by ^ ^
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<a

< 2ES

without abasing. However an interpolation of eight, precisely-spaced samples per
fringe, allows the B o m e m to ultimately resolve B' (q) out to 63,192 c m - 1 . In terms
of the work of this thesis, this permits reflectance spectroscopy of low to medium
mid-infrared spectra where / (8) has an extremely high S/N ratio[74, p42].
In addition to assisting D S P , the B o m e m Interferometer employs its laser to
dynamically maintain alignment of the beam-splitter and moving mirror. In equation (2.33) of the literature review,
(

r°°

i

l'(S)= / B (q) cos (qS) dq
Jo
it is assumed that the retardation 8, is the same over the extent of the optical beam
and at all positions of the scanning mirror. Ideally then, the amplitude of /' (8)
some given retardation 8Q, and for a component wavenumber q of the source is
A (?) <fo) = Aq cos (q8Q)
Practically however 8 will have a random variation about 80 at each position of the
scanning mirror due to non-flatness and misalignment among optical components
comprising the interferometer. A Gaussian distribution is assumed to represent
the variation in 8 about 8Q such that
A'(q,80) =

A(q,50)e-('-^y

Flatness and alignment errors accordingly have a standard deviation of Ar5/2 =
A/4. This results in A' (q, 80) < A (q, 80) by approximately 5 0 % , thereby reducing the throughput efficiency of the interferometer. B o m e m interferometers
are quoted to have aflatnessof A/4 or better, over more than 8 0 % of the effective beam area. This applies to the beam splitter, compensation mirror,fixedand
moving mirrors. The laser, in particular, is used to correct initial and subsequent
misaUgnment upon switching-on of the interferometer. Initial misahgnment contributes an inefficiency comparable to non-flatness. Residual misahgnment from
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mirror scan ,will cause A (q, 80) to vary independently of the normal variations
due to the spectral content of the source.
Laser correction affords a high degree of experimental reproducibility and enables measurement calibration of / (8) to be electronically performed while ever
the B o m e m running. The r.m.s angular deviation from optical alignment is .->
proximately I O - 5 - I O - 6 radians. The laser-assisted dynamic alignment and lie
coherent sampling permits the S/N ratio to be improved by averaging multiple, reproducible scans. In B o m e m interferometers, a secondary, very broadband white
light source, complements the laser in providing coherent interferogram sampling.
It does this by establishing a counting reference for the laser fringe pattern provided by its Zero Path Difference (ZPD) position. A description of the interferometer optics of the source compartment of the B o m e m is reproduced from the
B o m e m manual in Appendix B.

Configuration of the Bomem Interferometer for High Temperature DirectionalDiffuse Reflectance F T I R Spectroscopy
For this thesis, the B o m e m Interferometer was configured for reflectance spectroscopy. A kinematic bed, set upon locating posts attached to brackets in 'he
chassis of the sample compartment, was constructed to ensure reproducible interferograms. U p o n this was set the optics bed, reproducibly located against threaded
buffers of the kinematic bedbase. The arrangement of the optics for reflectance
measurement is shown by the picture and its interpretingfigure(Fig. 3.1).
Infrared energy from a globar source was fed out through therighthand port
of the source compartment and was reflected from thefirstplane mirror of the
optical bed onto a focusing mirror. Light from the focusing mirror was directed
upon a ceramic specimen held in the sample support of the heater at near-normal
incident angle of 11°. Normal alignment of the sample face to the optic plane was
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1. Plane Mirror

4. Threaded Buffer

2. Focussing Mirror 5. C u Light Pipe

Light from Source Box

3. Specimen Holder 6. K-type Thermocouple

I

Signal to Detector

Figure 3.1: Arrangement for reflectance spectroscopy

139

1
1. locating foot for heater in optics bed
2. metal casing
3. pitch/yaw adjustment screws
4. alumina fibre insualtion
5. metal body of heater
6. soap stone former for heater-coil windings
Figure 3.2: The Sample Heater
ensured by a press-fitted thermocouple holding the sample against the aperture
of the sample holder of the heater. Diffusely reflected light from the sample was
reflected from a second focusing mirror onto a second plane mirror. Light from the
second plane mirror was then directed d o w n a copper light-pipe onto the detecting
area of either a liquid helium cooled G e Bolometer (50-1,010 c m - 1 ) or liquid
nitrogen cooled M C T detector (750-5,000 c m - 1 ) . The heater was of a special
construction for the purpose of this work. Thefinalversion, as shown in figure
(3.2) below represents an optimum design for achieving high sample temperatures
(« 1,200 K ) without affecting the surrounding optics of the sample chamber.
The heater was constructed from canthal resistance wire w o u n d about a machined, pre-ftred, soap-stone former. A bare-wire K-type thermocouple, held
within a twin-bore, high purity, re-crystallised aluminia tube, isfittedalong the
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axis of the former to contact the back face of the reflectance-sample (having a
typical diameter of 11 m m and thickness of 5 m m ) .
The temperature during reflectance measurements was controlled manually
(there being no readily available equipment for P H ) control). Temperatures from
room temperature to « 1,200 K were covered by corresponding D C current settings of the power supply4 between 0 and 5.5 to 6 A in 0.5 A (or 1.0 A ) steps (an
upper limit of « 6.5 to 7 A being set by the thermal properties of the resistance
wire). Interferograms were collected once the voltmeter display of the thermocouple signal was constant in the third decimal position for times greater than fiat
for 100 consecutive mirror scans, which were averaged for a resultant spectrum.
For the Bolometer detector used (scan speed 0.3 cm.s - 1 , resolution 1 c m - 1 ) , this
equated to w 150 seconds and « 90 seconds for the M C T detector (scan speed
lcm. s - 1 , 1 c m - 1 resolution).
Reflectance samples were prepared by uniaxially pressing fine-grained ceramic powders in a 15 m m diameter steel die. Four samples were prepared; pure
alumina5, pure zirconia6, 5 w t % zirconia in alumina and 1 0 w t % zirconia in alumina.
Each of these was sintered to near theoretical density, with one face subsequently polished to a surface roughness of 1 pm. A similar set of samples (alumina, 5 w t % and 10 w t % zirconia in alumina) for comparative analysis were prepared by J W R I 7 , by slip-casting and microwave sintering to high density. These
were polished together with the Wollongong University ( W U ) prepared speci4

30 V-10 A D C power supply: Xantrax Model H P D 30-10 S GPIB M2-7437
alumina Al-170 seriesflowS0(ja type). Properties: specific gravity 3.94 g.cm-3, mean particle

5

size 2.2 (im, ultimate crystal size 0.4 - 5 jam. Impurities: Fe 2 0 3 (0.01 %), Si0 2 (0.06 % ) , N a 2 0
(0.06%) A1 2 0 3 (99.8%)
6
zirconia:3 mol % partially stabilised zirconia (TZ-3Y). Supplier Tosoh- Properties: crystal
size, 0.25 /xm; particle size, 15 /mi; chemical composition, 94.8 w t % Zr0 2 and 5.1 w t % Y 2 0 3 .
7
JWRS, Joining and Welding Research Institute, Osaka University, Osaka, Japan.
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mens. The W U specimens were prepared from the same sample batches as those
used to prepare dielectric loads for microwave heating by 28 G H z Gyrotron radiation. Microwave heating studies of the J W R I ceramics had previously been made
by the principal supervisor of the author of this thesis.

Measurement Procedure and Calibration
For convenience, highly polished (l/urn diamondfinish)brass (diameter 11 m m ,
thickness 5 m m ) was used as the reflectance standard for calibrating the relative
reflectivities of the prepared ceramic specimens. With a brass standard in place,
fine set-screw adjustments of mirrors, and pitching of the sample heater, were
alternately and progressively performed to obtain a peak detector signal using
the white light source of the B o m e m . Once the settings for peak signal were
obtained, the sample chamber of the B o m e m was evacuated until a working base
pressure of approximately 0.8 Torr was achieved using a small rotary pump. This
proved sufficient to reduce the strong infrared absorption by water and carbon
dioxide molecules. Once at base pressure, a reference scan was made. A reference
spectrum was taken as the average of 100 consecutive mirror scans.
Attenuation of the spectral reflectance amplitude was noted with increasing
temperature. The thermal response of the Ge-Bolometer detector particularly,
was therefore measured with the brass standard at equivalent temperature to those
typically met during high temperature reflectance measurement of the ceramics
specimens.
Having generated the reference spectrum, the sample compartment is then
purged and opened. The brass is replaced with a ceramic sample and the sample
compartment then re-evacuated. W h e n the base pressure (or better) is reached, a
room temperature spectrum is obtained according to the parameter settings used
during scanning for the reference spectrum. W h e n fitted with a Ge-Bolometer
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at its detector port, best spectra were measured with a 1 0 m m entrance aperture
in the source compartment and a mirror scan speed of 0.3 cm.s - 1 . Alternatively,
for the M C T detector, best spectra were measured with a 7 m m aperture and a
lcm.s -1 scan speed. A globar source was used for all infrared measurements. After the room temperature spectrum is measured a 0.5 A current is drawn through
the heater circuit and the temperature is left to reach a constant value. Once the
temperature is observed not to vary by more than a degree, over a time longer than
required for the interferometer to complete 100 scans for a given configuration,
a set of scans is made. This procedure is repeated until 5.5 or 6.0 A is reached
on the D C current setting of the power supply. After the last scan at the highsst
current setting, the current setting are either sequentially reversed for comparat ve
cooling measurements or else the power is removed altogether and then left to
cool overnight.
It is to be noted that infrared radiance from the heated reflectance sample
does not contribute to the detector signal, since only audio-frequency modulated
light is amplified prior to DSP. Only the infrared energy of the diagnostic B o m e m
source is designed to traverse the optical path of the interferometer. Construction
of the interferogram requires amplifying the detector signal using a bandpass filter, with the upper limit of the stop band set by the Nyquist condition to avoid
aliasing, while the lower stop band is set to eliminate slow ripples in the source
intensity which fall below the lower limit of the passband[74, p43]. The measured
interferogram is then the A C component of the signal and forms the argument of
the inverse Fourier Cosine transform.
For completeness w e mention that the detection issue was otherwise resoh ed
in the Russian Polytec slow scanning interferometer by a lock-in amplifier. The
lock-in amplified the resultant sub-audio, frequency-modulated, ir source, at a
reference frequency (satisfying the Nyquist theorem) provided by a mechanical
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chopper wheel, that periodically blocked the source-beam. Radiance from the
hot reflectance sample is not similarly conditioned and therefore does not contribute to the signal detected. Radiance from the hot reflectance sample, travelling
back along the optical path to the globar source, has a negligible probability in
contributing to the detector signal by traversing the interferometer as a second. jy
reflection. The contribution is rendered negligible, primarily by the progressive
scattering following no initial collimating optics (as for the globar).

3.1.2 The Gyrotron
Introduction
To the wider physical community, the Gyrotron is a relatively recent arrival (early
1980s)[206] in high power (0.01 - 1 M W ) , high energy (28 - ~ 1 5 0 G H z ) , centimetre - millimetre wave sources, where it has been used to p u m p energy into
Tokomak plasmas of the nuclear fusion research programs! 191, pill]. Industrially, it is all but unknown. A brief introductory description of the Gyrotron has
therefore been provided in Appendix C.l.

The Heatwave Gyrotron from CPI
The Gyrotron used in this experimental programme was a M a r k 1 Heatwave model
manufactured by Communication and Power Industries CPI, (formerly Varian).
The Heatwave was designed to give variable power output from a few tens of
watts to 10 k W at a frequency of 28 ±0.1 G H z for the purpose of high temperature materials processing. The device has a beam to wave energy conversion efficiency of approximately 3 0 % and initially selects the TEo 2 propagation m o d e to
carry the waVe energy to the applicator, but then converts to the TEoi for injection
into the load. The Heatwave was nominally operated at 30 k V D C with a beam
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Figure 3.3: The Gyrotron and Microwave Transmission Line of the Heatwave
System
current of 0.95 ± 0.05 A. Its transmission line circuit is given in Figure (3.3). The
load terminating the transmission line a dielectric-loaded resonant cavity that has
approximate dimensions of 1 m in length and 3/4 m in diameter.
Following also is a plot (Fig. 3.4) of Gyrotron output power versus beam
voltage and magnet current. The shaded regions indicate the typical beam voltage
and magnet current domains with in which the tube was operated.
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Materials Preparation and Dielectric Loading of the Cavity
Four sample types were prepared for microwave power absorption measurements.
These were alumina8, zirconia9 and 5 w t % and 1 0 w t % zirconia in alumina.
Preparation was simply to uniaxially press 5 0 g portions of each sample type
into a green compact. These were then pre-fired in a conventional induction furnace to b u m out residual binder (to reduce out-gassing w h e n heating the samples
under vacuum). T h e dielectric was loaded into the cavity as shown in the picture
(Fig. 3.5) below which is accompanied by a schematic describing the components.

Measurement Calibration
The primary parameters for measurement during microwave heating are pcver
(kW) and temperature (°C). Calibrated power measurements are provided by a
factory-tested dual-directional waveguide coupler. This shunts off forward and
reflected TE02

m o d e power from the main transmission waveguide. T h e arms of

the directional coupler for the forward and reflected power are terminated with
crystal detectors which provide an output voltage related to the received power.
The output voltage is read into the control centre of the Heatwave where the signal
is linearised and displayed (and recorded in Labview) in units of power. Apart
from the M W P , calibrated thermometry during microwave processing is provided
8

alumina: AL-170 series (low-soda type) Chemical composition: Fe 2 0 3 (0.01%), Si02

(0.06%), Na 2 0 (0.06%), A1 2 0 3 (99.8%) Properties: Specific gravity 3.94 g.cm-3, mean particle size 2.2 /un, ultimate crystal size 0.4-5/«n.
'Partially stabilised (3 mol% Y 2 0 3 ) zirconia (TZ3Y). Supplier: Tosoh, Chemical Composition: 94.8 wt% Zr0 2 and 5.1 w t % Y 2 0 3 , Material Properties: crystal size 0.25 /mi, particle size
15/un
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Figure 3.5: Arrangement for loading of the microwave cavity and thermal insulation of the dielectric
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by a calibrated B-type thermocouple 10 for which a total error of ± 1 ° C has been
determined. The calibration data sheets of both B-type thermocouples used are
listed in Appendix D.
A word of caution is however noted regarding the application of the calibrated
total error estimate for the B-type thermocouple to temperature estimates during
microwave heating. Its bare wire operation must undoubtedly experience interference from the microwavefield.This, together with the observed depletion of
chromium from the thermocouple junction (i.e. poisoning), as was evidenced by
pink residue on samples at the point of thermocouple contact post heating, meant
that the thermocouple had drifted from its calibrated response.
The total error estimate of ± 1 ° C in thefiguresand tables of section 4.4, therefore represent a conservative minimum. Actual thermocouple accuracy during
microwave heating cannot be readily determined reliably, as is the case for remote
thermometry by the multiwavelength technique. The use of the thermocouple here
in a comparative manner during microwave heating, is intended only as a reasonable guide and not strictly as a standard. In fact, with the multiwavelength pyrometer once calibrated (for a certain optical path), it replaces all other thermometers
as the only viable thermometric standard, since its operation is not contingent on
the means by which an object is heated.
Applying these principles, an arrangement is shown by the schematic in Figure
(3.6) whereby a thermocouple could be introduced into the microwave cavity to
contact the dielectric target.
Thefinaltelescopic waveguide section in thefigureis terminated with a molybdenum tip with an inner diameter of 5 m m .
The arrangement for introducing the b-type thermocouple was by a doubleB-Type thermocouple: platinum 3 0 % rhodium (+ve) versus platinum 6% rhodium - temperature range: 0 to 1700°C.
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10. KF-50 vacuum flange - t/c feed-through

Figure 3.6: Schematic showing the manner of introduction of the thermocouple
into the microwave cavity for temperature measurement
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bore alumina tube,which supported the thermocouple tip at the point of measurement. The availability of ceramic tubes of various diameter (as set by the manufacturer), and their mechanical strength, impose limits on h o w small in diameter a
tube may practically be. A n additional selection constraint is the need for a tightfitting metal sheath over the ceramic tube. Very long metal tubing is however
only manufactured at set diameters. For this work it was found that Swagelock
gas piping made for the ideal sheathing. It provided mechanical support to the
thermocouple assembly, while the ceramic tube held the thermocouple leads isolated from one another; it also provided some degree of microwave shielding, so
that with increasing temperature, the alumina tube did not become an additional
microwave absorber. The tip of the thermocouple was m a d e to just stand proud of
the molybdenum piece, so that thermal contact with the target could be made.

3.1.3 Multiwavelength Pyrometry
A comprehensive account of multiwavelength pyrometry ( M W P ) has been given
in the second part of the literature review. This section therefore deals more particularly with the details of h o w M W P was implemented for the measurements
described in this thesis.
The literature review highlighted the most recent genuine development of
MWP[155] which employed a broadband secondary light source to illuminate the
target. In this, a temperature-dependent spectral emissivity and the spectral radiance were determined in the same measurement, by applying a differential signal
analysis between the total signal of emission and reflection, minus the secondary
source reflection.
By contrast, in this thesis, knowledge of the temperature-dependent spectral
emissivity of engineering ceramics was obtained from independent experiments
of FTIR reflectance spectroscopy (50 - 5000 c m - 1 = 2 0 0 - 2 pm). These re-
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vealed that the engineering ceramics under study here have highly linear spectral
reflectivities (and hence emissivities) at high energies (i.e. at the limit of near
ir frequencies). Complementary transmission measurements revealed that thicknesses greater than 1 pm were completely absorbing, so that the Kirchoff relation
(e(A)

= 1 -r(X),

\r(X)\2 = R(X)) applied.

The initial application therefore of a simple generic polynomial, having undetermined coefficients to describe the emissivity, used to weight the Planck (or
Wien) radiance law for the radiance modelling function appeared valid. Determination of temperature and emissivity therefore routinely follow from a standard
least squares analysis for these undetermined coefficients of the radiance model.

Equipment
The implementation of M W P is shown in the pictures and schematic of Figure
(3.7).
The radiance from either microwave or incandescently heated objects was collected by a visible-to-near infrared, water-free silica,fibreoptic bundle. The signal from thefibrewas modulated at a fixed frequency of 950 H z by a mechanical chopper wheel. The modulated signal entered a quarter-meter focal length
monochromator configured in an asymmetric Czerny-Turner arrangement. The
entrance slit image was focused onto a 300 grooves per millimetre ruled grating
blazed at 2 pm. With the entrance slit width set for the fastest optics (3 m m ) aid a
reciprocal dispersion of 11.4 n m . m m - 1 an effective bandwidth of approximately
33 n m was set. Wavelengths were accordingly sampled at a 30 n m interval. The
diffracted signal was imaged onto a PbS detector through the exit slit which had
also been set to a 3 m m width. A n Oriel digital lock-in amplifier performed the
digital signal processing and demodulation related to the chopper frequency. This
frequency was selected to match the peak of the detectivity of the P b S detector.
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The lock-in amplifier was programmed to co-ordinate the operations to ensure
a stable signal modulation, a constant rate of grating rotation and synchronous
reading of the detector through the computer interface.

Calibration of the Spectrometer
The wavelength dial of the spectrometer was calibrated with a sodium, helium
and mercury arc lamp. Comparison with the data sheet from the factory test of
key line spectra confirmed the accuracy of the wavelength dial to be within the
limit of the rm'nimum graduation of 0.1 nm.

Calibration of the Instrument Function
The radiance was measured over the spectral domain from 1 to 2.5 pm for the
optical system consisting of the near infrared fibre relay, grating monochromator and single element PbS detector. A carbon pillar of identical dimensions to
the dielectric loads, that served as the radiance source, was incandescently heated
in a vacuum («1 Torr), and the temperature was measured by a standardised Btype thermocouple. The instrument function was measured at three temperatures,
1011°C, 1170°C and 1218°C (to confirm consistency in the form of the spectrum) for a constant normal alignment of the pillar axis with respect to the axis of
the collecting opticfibre.A calibration curve at a given temperature was generated from spectral term-by-term division of the theoretical blackbody curve at the
given temperature with the associated instrument function. Subsequently, detector voltage data were multiplied by the calibration curve to obtain the associated
radiance data. Least squaresfittingwould then determine the temperature from
the shape of the radiance curve. N o increase in thermometric accuracy within
experimental error, was expected to follow from de-convolution of the radiance
spectrum using the normalised instrument broadening function, measured for the
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Figure 3.8: The telescope of the M W P . Its schematic is shown on the next page.
HeNe laser line at 632.8 n m . This expectation was based upon experience[44] in
which a 1/8 m focal length monochromator, used in similar radiometric measurements, introduced little deviation between a blackbody curve and the blackbody
curve convolved with the instrument broadening of the H e N e laser line. This expectation is reasonably justified by the accuracy of the M W P , as displayed in the
results to follow.
A calibration curve was measured for every 5 m m of travel of the objective
lens in the telescope, which had a 4 0 m m carriage. The telescope assembly of the
M W P is pictured in Figure (3.8) and described in the accompanying schematic of
Figure (3.9).
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Calibration of the Radi ometry
Uncertainty in temperature and emissivity estimates were statistically dominated.
In particular the uncertainty in detector signal was measured to have a random
error that dominated by three orders of magnitude over the resolution of the voltmeter reading which was 0.25 pW. A given voltage data set for example from the
lock-in amplifier had a m e a n (p) and standard deviation (a) of 1.784V± 1.063 m V ,
(i.e. a = 0.0006% of p) during radiometry of a carbon block held at 1170°C in
which the grating was set on the radiance peak at 2080 nm.
The magnitude of these uncertainties was comparable to the theoretical uncertainty estimate in radiance for the PbS detector which had a calibrated responsivity
of 0.102x IO 8 V W " 1 at 2500 n m . The m e a n number of 0.5 e V photons calculated
to be incident on the detector from the carbon standard during a lock-in amplifier
time constant setting of 0.030 seconds is approximately 2 x IO 10 . The standard
deviation for this detector count is « 1.4 x 10 5 photons which is about 0.0007%
of2xl0 1 0 .
These percentage uncertainties were negligible with respect to that reported
in the calibration sheet (shown in Appendix D ) for the B-type t/c (0.1%), which
served as the standard.

156

1. near infrared - visible water-free silicafibre1 m m diameter
2.fibreoptic coupler
3. ferrule for S M A terminated, cut & polishedfibreend
4. lens housing
5. lens carriage
Notes: variable position f 200 (2°0 m m f°cal length) plano-convex
lens, having a 40 m m travel.
f25 is fixed 23 mm from fibre end.

Figure 3.9: Schematic of the telescope of the multiwavelength pyrometer
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Chapter 4
Results and Analysis
4.1 Introduction
Section (4.2) of this chapter sets down those measurements that were made during dielectrometry and thermometry. In particular section (4.2.1) of this chapter reports reflectance measurements R(UJ) and section (4.2.2) the dielectrometry,
using microwave techniques of coaxial probe and resonant cavity. In this section (4.2), reflectance R is was the sole directly measured quantity. Quantities to
be presented that are derived from R will befirstlythe reflectance phase angle
(V>(w)) and then the dielectric function

(K(UJ))

through the complex refractive in-

dex m = n(u) + ik(oj). The sequence and purpose of these derived quantities are
given in the analysis section to follow. It includes a flow diagramme to clarify the
sequence of analysis.
Section (4.3) of this chapter reports voltage data read from a PbS detector.
Analysis will present h o w the voltage data have been transformed into the more
useful quantity of spectral radiant emmitance ( W . m - 2 . / z m - 1 ) from which ultimately both the temperature (T) and spectral emissivity (e(A)) are derived.
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4.2 Temperature-Dependent Dielectric Dispersion Analysis
4.2.1 Results
Reflectance Data of Zirconia and Alumina
Infrared reflectance spectra for zirconia and alumina were measured at v a ous
temperatures between room temperature and approximately 900°C with the B e m u m
(Michelson) Interferometer as described earlier in Chapter3. These are displayed
below in Figures (4.1-2)

4.2.2 Microwave Dielectric Measurements at 2.45 GHz
These measurements were undertaken in the School of Electrical and Electronic
Engineering, Nottingham University, England. O n e is referred to Appendix E
for details on the measurement procedure which used both the coaxial probe and
resonant cavity methods. A n overall review of the measurement technique of each,
together with an analysis of their measurement error, is provided in Appendix
A.3.1 and A.3.2 respectively.
The measurements reported here were performed by Dr. Neil Greenacre (a
research student then) of the Microwave Group in the School of Electrical and
Electronic Engineering, Nottingham University, England, upon samples provided
by the author from the University of Wollongong. The results of zirconia in particular are presented for the resonant cavity technique in order to outline the route
of dielectric analysis peculiar to them. In the time available, and in consideration
of the amount of samples to be measured besides zirconia and alumina, alumina
was not deemed essential for measurement. A substantial dielectric database had
already been compiled on it by the group and a typical result for alumina is taken
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Reflectance spectra of zirconia (TZ3Y)
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Figure 4.1: Sequential plot of infrared spectra of zirconia from r o o m temperature
to « 800°C.

160

Figure 4.2: Sequential plot of infrared spectra of alumina from room temperature
to « 900°C.
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from this. Temperature-dependent estimates of k = KR + iKj for alumina and
zirconia, according to the resonant cavity technique, are plotted in Figure (4.3) for
the TM030 mode. According to an aspect ratio of 1:10 for their cavity, with the
diameter being 373 m m , the T M 0 3 o m o d e was excited at approximately 2.19 G H z .
In the case of dielectric measurements by the coaxial probe technique, their
particular method of implementing data analysis to extract k = KR + i«j was
not included in the Excel spread sheetfilesprovided. The results of dielectric
measurement by the coaxial probe are therefore simply stated in Figure (4.4) at
the given step frequency of 2.48 G H z in the frequency sweep of the Network
Analyser.
The results of dielectric analysis, according to the resonant cavity technique
for the TM030 mode, are given in Tables (4.1) and (4.2) in terms of the temperature
[°C] at which a measurement was made, the resonant frequency uQ, Full Width
at Half M a x i m u m ( F W H M ) and the m o d e Q. Analysis is included in the table
in adjacentrighthand columns in terms offirstlythe complex refractive index
rh-n + ik andfinallythe dielectric constant k = KR + i«/. Specifically n and k
are given by

£ • const - 4 ^ 4

n= l +

^TTV

\ •'max

(41)

"0 /

and
_ A(^)(const
+ n)
v
k=
""„
„
A
Av
Au
Vmax

(4.2)

VQ

where; Ai>/umax is some geometric factor based upon the sample diameter, Au/u0
("o - v) /u0 in which u0 is the centre frequency of the sample-carrying tube minus the sample and u is the centre frequency with the sample in place, Q is the
Quality factor of the cavity for this resonance and const is some lumped constant
constructed from the product of the above geometric factor, Bessel zero for the
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mode and the ratio of sample to cavity volumes (i.e. const = (Au/u^j.) /Jn(x) •
Vcavity)I * sample)-

According to the formulation in the Excel work sheet, k = KR + iKi has been
determined from equations (4.1) and (4.2) by

m + Rp — 1
K =

(4.3)

Rp-1

where Rp is the ratio of actual density to theoretical density for the sample.

4.2.3 Analysis
For temperature-dependent dielectric dispersion analysis, near-normal reflectance
spectra were the sole quantity measured. The objective of this analysis is to glean
information regarding the complex dielectric function
R(OJ).

In fact,

R(OJ)

K(OJ),

implicitly held in

and K(UJ) are most simply related according to the Fresnel

equation for normal incidence by
k(u) — 1
R(OJ)

=

k(u) + 1

A n accurate estimate of k(u) is obtained w h e n it is able to generate a theoretical Rrheor{u) in near agreement to die experimental reflectance REXP(U)

through

a least squaresfittinganalysis.
Two formulations of K(OJ) have been treated to generate RTheor(u). These are
the three parameter classical (TPC) model

K(OJ)

=

KR(UJ)

«?

± iKr(uj) = ] P Aej

Q | — OJ2 + iljW

(4.4)

and the four parameter semi quantum (FPSQ) model
fi

k(u) = K R ± iKi(uj) = eoo J j

L " ^ =F illLO
2

\jtfTO-UJ TlllTo
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(4.5)

Perturbation results of the T M 0 3 o m o d e for a TZ3Y-loaded cavity

T

FWHM

[°C] [MHz]

vo

Q

[MHz]

m = n + ik

k = i«R + ix*i

n

k

«R

Kj

25

0.659

2208.64 3354

2.200

0.019

3.805

0.050

75

0.677

2208.48

3261

2.294

0.025

3.048

0.065

119

0.659

2208.55

3352

2.251

0.019

3.938

0.051

154

0.653

2208.55

3384

2.257

0.018

3.952

0.046

186

0.660

2208.52

3348

2.270

0.020

3.986

0.051

219

0.656

2208.52

3365

2.272

0.019

3.991

0.049

255

0.651

2208.55

3391

2.255

0.017

3.947

0.045

293

0.642

2208.59

3441

2.230

0.014

3.881

0.037

331

0.638

2208.65

3462

2.195

0.013

3.790

0.034

370

0.631

2208.71

3502

2.161

0.011

3.703

0.028

409

0.639

2208.68

3459

2.175

0.013

3.740

0.034

449

0.661

2208.65

3341

2.193

0.020

3.788

0.052

492

0.694

2208.61

3181

2.220

0.030

3.857

0.078

530

0.751

2208.55

2940

2.253

0.047

3.941

0.123

570

0.804

2208.50

2747

2.286

0.063

4.028

0.164

609

0.865

2208.44

2553

2.317

0.081

4.108

0.213

646

0.948

2208.39

2330

2.350

0.106

4.194

0.279

684

1.013

2208.34 2180

2.381

0.126

4.276

0.332

Table 4.1: Here T is the sample temperature and F W H M , u0, and Q are respectively the Full Width at Half M a x i m u m , resonance frequency and Quality factor
of the TM 0 3 o mode of the cavity, m = n + ik is the complex refractive index and
« = « R + m. For the calculation of ra and k, as outlined in the text, the centre
frequency u0 is that of the empty sample tube and was 2210.69 M H z , the sample density and theoretical densities were respectively 1.2474 g.cm -3 and 2.4536
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g.cm-3.

Perturbation results of the TM030 m o d e for a TZ3Y-loaded cavity (cont)

T

FWHM

[°Q [MHz]

VQ

Q

[MHz]

k =: K,R + iKi

ra = n + ik

n

k

KR

KT

720

1.111

2208.28

1988

2.416

0.156

4.365

0.411

761

1.246

2208.21

1773

2.457

0.196

4.474

0.521

793

1.387

2208.13

1592

2.504

0.239

4.596

0.638

827

1.623

2208.03

1361

2.565

0.310

4.755

0.833

863

1.854

2207.91

1191

2.633

0.381

4.934

1.028

902

2.230

2207.75

990 2.731 0.495

5.190

1.349

942

2.726

2207.50

810 2.883 0.647

5.591

1.784

975

3.307

2207.23

667 3.046 0.827

6.022

2.307

1011

3.912

2206.87

564

3.258

1.015

6.594

2.871

1043

4.808

2206.38

459

3.556

1.296

7.405

3.728

1076

5.388

2205.78

409

3.923

1.487

8.449

4.350

1110

6.428

2205.01

343 4.399

1.825

9.812

5.438

1143

6.818

2204.39

323 4.784

1.963

10.957

5.921

1177

7.151

2204.09

308 4.968 2.075

11.501

6.293

1210

6.853

2204.09

322 4.967

1.976

11.516

5.991

1244

7.030

2203.89

314 5.094 2.036

11.895

6.194

1277

7.495

2204.17

294 4.919 2.181

11.333

6.609

Table 4.2: Here T is the sample temperature and F W H M , u0, and Q are respectively the Full Width at Half Maximum, resonance frequency and Quality factor
of the TM030 mode of the cavity,ra= n + ik is the complex refractive index and
« = KR + iKl. For the calculation of ra and k, as outlined in the text, the centre
frequency i/0 is that of the empty sample tube and was 2210.69 M H z , the sample density and theoretical densities were respectively 1.2474 g.cm -3 and 2.4536
g.cm-3.
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Cavity Measurements
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Figure 4.3: Estimates of the temperature-dependent dielectric constant for alumina and zirconia near 2.45 G H z (TM 0 3 0 mode -> »2.19 G H z ) , as measured with
the multimode resonant cavity.
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Probe Measurements
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Figure 4.4: Estimates of the temperature-dependent dielectric constant for alumina and zirconia at 2.48 G H z , as measured with the high temperature coaxial
probe.
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The set of three dispersion parameters in the classical model are the transverse
optic (TO) phonon resonance frequency QJTO, damping (or inverse lifetime) j J T 0
and oscillator strength

AeiTO.

The set of four dispersion parameters in the semi quantum model are the T O
and longitudinal optic ( L O ) phonon resonance frequencies (QJTO
with their respective dampings (jJTO

ttJLO),

together

7JLO).

WhenfittingRExp(uj) with K(UJ), one is talking about adjusting either the 3 n
sets of dispersion parameters of the T P C dielectric function or the An sets of the
FPSQ dielectric function, where n numbers the reflectance bands in

REXP(W).

As noted in the results above, zirconia displays three reflectance bands and
alumina, five. T h e simpler spectra of zirconia would therefore require simultaneously resolving nine undetermined coefficients (plus e^) in order to fit REXP{U)
with the T P C dielectric function, otherwise twelve (plus e ^ ) , if the F P S Q model
function is to be used.
It may be appreciatedtiiereforethat the curvature matrix (or goodness-of-ft
parameter) x 2 , of the least squares analysis, is highly complex. Convergence to a
solution m a y be very difficult to achieve if the solution process is simply initiated
from an eyeball estimate of the dispersion parameters from REXP(U)

directly1.

A more efficient and accurate method of initial assistance to a satisfactory least
squares convergence, is to employ parameter starting (seed) values derived from
a Kramers-Kronig ( K K ) analysis (sections (2.3.3) and (2.4.1)) of R E X P { U ) - hi the
context of the phenomenon of signal reflectance, the K K analysis is used to derive
the associated (reflectance) phase angle ip(oj) of the reflected signal with respect
to the incident signal. It achieves this using the integral transform

•K Jo UJlj—UJ1

Points of steepest gradient in a given band of REXP(U)

approximate the location of phonon

resonances (uJTO < uJLO) and the slope of REzP(w) at uJTO uJLO, approximate the dampings.
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where where, and in successive analysis, has units of c m - 1 andR(u) = f(uj)r*(oj)
is the power reflection coefficient (i.e. R E X P { U ) ) .
Using R E X P { U ) and I/J(UJ), K(UJ) is ultimately derived via the complex refractive index m(oj) = n(oj) + ik(u) using
, K,R(OJ) = n2(uj) - k2(uj) and KJ(UJ) = 2n(uj)k(uj)
which follow from the definition JK(UJ) = fh(u).
Derivation of KT(UJ) in particular is of considerable utility, together with $5(77(0;)}
5{«(u;)-1}, the imaginary component of the reciprocal dielectric function. In
combination, these functions permit a dispersion analysis which respective!; i,,
initial values of T O and L O phonon m o d e resonances, dampings and oscillator
strengths.
Specifically, fyTOtLO occur at peaks in KJ(OJ) and t]i(oj), respectively. Phonon
dampings, 7 j T O L O , are measured from the F W H M of these peaks. The amplitudes
of peaks in KI(OJ) particularly provide a measure of the oscillator strength Ae,- of
TO phonon modes in the T P C analysis. Data tables (4.3,4.4 and 4.6) that tabulate
FPSQ dispersion parameters, additionally list the oscillator strengths of phonon
modes that have been calculated from
A

e

=e

3

/ft2
\ „ ft2 - f t 2
I jLO - 1 I TT kLO
^

°° I n 2
\li]TO

/ AA n2
/ kft "fcro

- o2
3TO

The analysis process described above is summarised in Figure (4.5) and was implemented using programs written using the software package Mathematica. A
representative output from the K K , dispersion and least squares analyses using
the TPC and F P S Q models, m a y be found in Appendix F. There, a sequence of
plots are to be found that show a typical reflection phase angle (Fig. F.l), complex
refractive index (Fig. F.2) and dielectric and reciprocal dielectric spectra derived
from an experimental reflectance measurement (Fig. F.3). For the purpose of later
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K K analysis

ffl
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, ._ least squares analysis .
RTheor(®) =

•¥(»)} ^

K(CO)

+1

A
K(CO) [FPSQ]
ic(co) [TPC]

m(cfl) = n(co)± i k(co)
experimental complex
refractive index

dielectric functions

> " PjTO,LO> 7jTO,LO> A j T 0 )

K(C0) = K R ((0) + i K ^ G ) )
experimental complex

di

Persion ^

^

dispersion parameters

dielectric function
Figure 4.5: This figure sketches h o w from a single reflectance measurement the
dielectric function of a given crystal is derived and then used in an analysis to
fit the original reflectance measurement. F r o m this, dispersion parameters of
phonon resonancefrequencies,dampings and oscillator strengths are determined,
that enable an extrapolated estimate of the loss tangent at any given microwave
frequency.
discussion the complex parts of the dielectric (KJ(OJ)) and reciprocal dielectric
[TJI(U))

functions are plotted at each temperature for zirconia.

The choice of dielectric function k(u) to describe REXP{U)

is practically con-

strained to the T P C and F P S Q models. Analysis by the T P C dielectric function
is retained here on two grounds. T h efirstis to observe its capability to describe
the dielectric response of engineering (structural or advanced) ceramics whose
grains are constituted by a relatively complex crystal structure (compared to alkali halides which are more c o m m o n l y studied). T h e potential utility of a T P C
analysis had already been rigorously established by Spitzer et al on quartz and
more recently by Petzelt et al on microwave ceramics (i.e. perovskites) in which
he obtained physically sensible estimates of magnitude values of KI(UJ) at desired

170

microwave frequencies. The F P S Q analysis was occasionally prone to reversing
the sign in the definition of K(UJ) in the low frequency limit.
The second ground for retaining the T P C dielectric function in reflectance
analysis was for comparison with the F P S Q results.
It was shown in chapter 2 that the general dielectric function m a y be written
as
JV(w,r) =

KRtlv(oj,T)±Khv(uj,T)

-

c 4--**- V- M M . .
e

~

«> =•= hbarv ^OJ

^0

1V1 1Vlv

M

3u*(0j)-w>+2u,(0j){Au(0j,Lj,T)+ir(5j,w,T)}

(4.6)
and that an equivalence with the classical dielectric function
ft2

* H = ««(«,,) ± «,(«) = £ A£J.n]_J^iljU

(4-7)

may be established by the following identifies
A f .02

=

ft2 =
UJJJ

87T.M .M •
OJ2(0J)+2UJ(6J)AUJ(0J,OJ,T)

=

2uj(dj)r(dj,oj,T)

Inequations (4.4) and (4.5), transverse optic (TO) phonon modes appear as poles
of the dielectric functions while longitudinal optic (LO) phonon modes were
shown to be their zeros. These facts render (4.4) in the equivalent and more useful
factorised form

^)=««±fc,(M)=«»n||h~£ffi° <4-8)
j

ll

iro ~

U

"r J llTO

The F P S Q model amounts to neglecting dispersion effects in Au(0j, UJ, T) of the
second identity above in order to study the phonon self energy by measuring the
effect of temperature on the four parameters (transverse and longitudinal phonon
resonances and lifetimes. The approximate equation of (4.4) appears to be appropriate for IR analysis of zirconia and alumina reflectance spectra as evidenced
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by the reasonably closefits(seefigures4.6-4.ll)2. This follows from the regular distribution of phonon branches in tetragonal zirconia Z r 0 2 , which has two
molecular units per unit cell giving 18 degrees of freedom. According to its D ^
(or P42/nmc) factor group selection rules, 3 IR active T O dipole transitions are
expected, namely A 2 u + 2 E U [ 2 , 166]. Alumina A 1 2 0 3 likewise has two molecular
units per unit cell leading to 30 degrees of freedom. According to its D| d (or R3c)
factor group selection rules, the 3 acoustic modes have A 2 u and 2 E U character representations. The remaining 27 modes are distributed among 18 internal phonons
and 9 T O and L O phonons. For the IR, only dipole transitions A 2 u (z) and E„(x,y)
are allowed and therefore only 6 T O modes are anticipated[26]. In such instances
Aw(0j,T) m a y be considered dispersionless and JJ(UJ, T) to be a slowly varying function of frequency and in fact nearly constant in the neighbourhood of a
phonon resonance.

Data Tables of Dispersion and Extrapolated Dielectric Analysis
This section begins by tabulating the results of the F P S Q and T P C dispersion
analyses which provide the basis for thefitsto experimental reflectance data of
zirconia and alumina. Based upon these tables, extrapolated estimates of the complex dielectric constant are m a d e at 2.45 G H z and 28 G H z according to both the
FPSQ and T P C models. Comparison of these data with the earlier presented dielectric data, obtained by direct microwave frequency techniques, will follow in
the next chapter of discussion.
Tables 4.3 and 4.4 are for zirconia according to the F P S Q dispersion analysis.
Table 4.5 is for zirconia according to the T P C analysis. Following these Tables
4.6 and 4.7 are for alumina according to the F P S Q and T P C analysis respectively.
2

Its appropriateness for providing estimates of microwave loss by extrapolation is held over to

the Discussion Chapter.
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Figure 4.6: Plots (a) and (b) of thisfigureare the reflectance spectra of zirconia
at 22°C and 85°C respectively. Each spectrum is shownfittedaccording to the
TPC and F P S Q models of the dielectric function. At 22 °C XTPC
XFPSQ

= 0.0761. At 85 °C XTPC
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= 0-0740.
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Figure 4.7: Plots (a) and (b) of thisfigureare the reflectance spectra of zirconia
at 170°C and 296°C respectively. Each spectrum is shown fitted according to the
TPC and FPSQ models of the dielectric function. At 170 °C
XFPSQ

= 0.1689. At 296 °C

XTPC
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Figure 4.8: Plots (a) and (b) of thisfigureare the reflectance spectra of zirconia
at 356°C and 554°C respectively. Each spectrum is shownfittedaccording to the
TPC and F P S Q models of the dielectric function. At 356 °C
X2FPSQ

= 0.1393. At 554 °C

XTPC

= 0.5468* and XFPSQ

fit over the domain 50 - 7000 c m - 1 only.
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Figure 4.9: Thisfigureis of the reflectance spectrum of zirconia at 709°C shown
fitted according to the TPC and FPSQ models of the dielectric function. At 709
°c

XTPC

= 0.1997* and

XFPSQ

= 0.1078. * indicates a fit over the domain 50 -

7000 cm"1 only.
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Figure 4.10: Plots (a) and (b) of thisfigureare the reflectance spectra of zirconia
at 25°C and 374°C respectively. Each spectrum is shownfittedaccording to the
TPC and F P S Q models of the dielectric function. At 25 °C XTPC
XFPSQ

= 0.2005. At 374 °C XTPC
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Figure 4.11: Plots (a) and (b) of thisfigureare the reflectance spectra of zirconia
at 686°C and 862°C respectively. Each spectrum is shownfittedaccording to the
TPC and F P S Q models of the dielectric function. At 686 °C
XFPSQ

= 0.1069. At 862 °C xTPC

= °- 1 6 5 1 md
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XFPSQ

XTPC

= 0.3240.

= °- 5 2 7 4 a n d

Extrapolated estimates of the dielectric constant are tabulated at the Gyrotron
frequency of 28 G H z and at 2.45 G H z in Tables 4.8 to 4.11, for comparison with
estimates of the dielectric constant measured directly at or near this frequency by
the standard techniques of resonant cavity perturbation and coaxial probe analysis.
In deriving and tabulating thefinaltemperature-varying quantity of k(u) = KR im, the constitutive (and informative) quantities of tan 8j and Ae,- are additionally
reported in Table 4.12 for completeness.
Uncertainties in dielectric quantities have been derived from standard differential error analysis. Therefore error estimates in K(UJ) firstly, have been derived
from either equation (4.4) or (4.5) according to
dx

dk(uj) = dKR(uj) - iKi(oj) = 5 3 5 3
j=ik=i

Jk

x k

i

where x\ = tijTO, x2 = £ljLO, xi = jjTO and x\ = 7 J t o . Elemental errors dxjk in
the quantities Xjk are the results of statistical uncertainties in thefittingparameters
during least squares analysis.
A preliminary c o m m e n t is m a d e here before the main discussion in Chapter 5
regarding the temperature-dependent trend of loss values KI, as reported in Tables
4.8 & 4.9 and those in Tables 4.10 & 4.11.
In Tables 4.8 & 4.9, extrapolated estimates of KJ are obtained at the intended
microwavefrequenciesby direct substitution of those frequencies (in c m - 1 units)
into either one of the F P S Q or T P C dielectric functions. S o m e instability is particularly noted for the F P S Q function which on occasions switches the polarity of
its definition for energies below the lowest polar optic mode.
The «/ values listed in Tables 4.10 and 4.11 differ from those in Tables 4.8
& 4.9 in that calculations have only been m a d e over dominant oscillator terms.
Details of the oscillator terms are given in the Tables of Appendix G.l. Negative
values of tan 5j, associated with a negative oscillator have been omitted from the
sum (their size too is negligible against the dominant terms). The effect of this is
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to redress to some degree the decrease of KI with increasing temperature. H o w ever, in both the F P S Q and classical oscillator analysis, a negative oscillator is
permissible (consistent with the Lydanne-Sachs-Teller (LST)relation - derivable
from the Kramers-Kronig integral), and physically corresponds to transitions being pumpedby an external agency [6]. Here an L S T relation still holds, however

Q,w < &TO-
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Semi-Quantum Dispersion Analysis : zirconia
T

Transverse modes

Longitudinal modes

j [±1°C] fijTofcm.-1] TiTolcm"1] A^otcm" 1 ]
1

2

3

Oscillator

TjLoLcm-1]

strength[cm-2]

Ti

153.1 ±0.1

60.3 ±0.4

221.3 ±0.2

65.4 ±0.3

25.63 ±0.01

T2

157.8 ±0.3

69.4 ±0.6

217.5 ± 0.3

68.5 ± 0.6

20.42 ±0.01

T3

163.2 ±0.5

82.2 ±1.3

213.2 ±0.4

62.3 ±0.9

18.76 ±0.10

T4

150.0 ±0.6

70.0 ±1.1

206.0 ±0.6

85.0 ±1.4

18.28 ±0.16

T5

151.3 ±0.6

73.7 ±1.1

199.1 ±0.5

79.1 ± 1.2

15.86 ± 0.01

T6

146.6 ±0.8

77.2 ±1.4

186.6 ±0.6

74.8 ± 1.3

T.2S4

T7

129.3 ±0.7

67.7 ±1.1

177.8 ±0.9

93.8 ±2.1

ll.'so ^ j.j\

Ti

361.0 ±0.4

133.8 ±1.2

418.3 ±0.6

97.4 ±0.9

9.93 ± 0.05

T2

361.1 ±0.7

130.9 ±1.8

414.3 ± 0.9

101.1 ± 1.5

9.18 ±0.08

T3

373.4 ±1.6

188.1 ±3.9

440.7 ± 1.5

127.1 ±3.0

14.58 ± 0.20

T4

342.3 ±1.3

85.9 ±2.5

373.9 ±1.8

108.5 ± 3.4

4.81 ±0.15

T5

362.0 ±1.4

108.5 ±2.6

400.8 ± 1.6

98.9 ± 2.9

7.58 ±0.14

T6

357.8 ±1.6

156.2 ±2.7

431.4 ±1.3

99.5 ± 2.4

11.50 ±0.10

T7

301.7 ±1.5

127.7 ±2.2

417.0 ±3.9

293.5 ± 10.2

7.15 ± 2.42

^

431.9 ±0.1

33.5 ±0.3

682.4 ±0.3

54.4 ±0.5

1.71 ±0.05

T2

432.9 ±0.2

36.1 ±0.4

682.3 ± 0.5

56.3 ±0.8

2.29 ± 0.07

T3

437.2 ±0.4

40.5 ±0.8

690.9 ±1.3

94.8 ± 3.0

-0.55 ±0.19

T4

430.0 ±0.3

47.2 ±0.6

711.6 ±0.2

62.6 ± 0.6

5.51 ±0.03

T5

428.8 ± 0.3

43.0 ±0.7

707.5 ± 0.2

66.7 ±0.6

3.83 ± 0.09

Ti = 22°C, T 2 = 85°C, T 3 = 170°C, T 4 = 296°C, T 5 = 356°C, T 6 = 554°C, T 7 = 709°C
eoo(T1)=5.300 ± 0.002, eoo(T2)=5.223 ± 0.004, eoo(T3)=5.613 ± 0.008
£oo(T4)=6.944 ± 0.029, eoo(T5)=6.330 ± 0.021, Coo(T6)=9.762 ± 0.046
eoo(T7)=l 1.67 ±0.68
Table 4.3: See caption to Table (4.4)
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S e m i - Q u a n t u m Dispersion Analysis Continued: zirconia

T
j [°c]
3

4

5

Transverse modes
O i T O [cm

_1

]

Longitudinal modes

jjToicm-1]

fijiotcm-1]

IjLoicm-1]

Oscillator
strength [cm-2]

T6

430.0 ± 0.6

53.0 ±1.2

682.2 ± 0.3

47.4 ± 0.6

-0.14 ±0.07

T7

420.2 ± 0.5

102.3 ± 1.7

661.0 ±0.4

63.2 ±1.1

0.10 ±0.07

Ti

687.1 ± 0.7

89.6 ±1.1

735.9 ± 0.2

56.5 ± 0.8

0.02 - OOO

T2

687.3 ±1.1

90.1 ± 1.7

735.3 ± 0.4

61.4 ±1.2

0.02 = 0.00

T3

681.2 ±3.0

182.5 ±4.8

737.4 ±1.7

104.9 ± 3.6

-0.01 ± 0.01

T4

1218.3 ±15.3

1422.2 ± 24.9

1095.1 ± 10.8

880.1 ± 14.8

-0.97 ± 0.05

T5

1069.8 ± 12.6

1275.4 ± 22.8

1019.5 ± 8.7

786.3 ± 13.5

-0.37 ± 0.03

T6

1592.1 ± 12.1

2462.6 ± 30.3

1154.4 ±2.6

528.3 ± 5.8

-3.96 ±0.13

T7

1226.7 ± 7.4

284.6 ± 12.0

1266.6 ± 3.7

174.2 ± 7.3

-0.00 ± 0.01

T7

2380.6 ± 105.0

4843.6 ± 387.0

1115.6 ±64.0

732.1 ±108.0

-8.67 ±2.51

T : = 22°C, T 2 = 85°C, T 3 = 170°C, T 4 = 296°C
T 5 = 356°C, T 6 = 554°C, T 7 = 709°C
£oo(Ti)=5.300 ± 0.002, e0o(T2)=5.223 ± 0.004, e00(T3)=5.613 ± 0.008
eoo(T4)=6.944 ± 0.029, eoo(T5)=6.330 ± 0.021, e00(T6)=9.762 ± 0.046
eoo(T7)=11.67±0.68
Table 4.4: Four-parameter semi-quantum dispersion analysis of zirconia (TZ3Y)
for the plots of Figures (4.6-9). The normal trend with increasing temperature
is for phonon resonances to shift to lower energies while the reflectance bands
broaden. The results are generally consistent with this. However some inconsistency manifests experimental difficulty in isolating the response of the detector
from the effect of the increasing temperature of the sample heater. This is shown
in the following table where the loss tangent tan8 =
temperature whereas it ought to increase.
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KI/KR

falls with increasing

Classical Dispersion Analysis : zirconia
T

Transverse modes

Oscillator

1
1
l
j [°C] fyrctcm- ]-yjToicm- ]strengthfcm ]

1

2

3

Tx

154.4 ± 0.8

62.1 ± 1.6

25.24 ± 0.52

T2

156.8 ± 0.8

72.2 ± 1.8

22.1 ± 0.47

T3

156.9 ± 0.8

78.1 ±2.1

19.95 ± 0.8

T4

154.9 ± 1.0

83.7 ± 2.7

19.08 ± 0.52

T5

153.7 ±1.0

90.3 ± 3.0

17.8 ±0.51

T6

154.1 ±0.8

68.5 ± 2.5

11.29 ±0.34

T7

147.1 ± 1.3

56.7 ±4.1

7.66 ± 0.45

T:

350.2 ± 1.0

64.8 ± 0.1

5.80 ±1.75

T2

351.3 ±0.8

53.4 ±1.8

5.18 ±0.13

T3

353.6 ± 0.8

56.5 ± 1.8

5.37 ±0.13

T4

355.4 ±1.0

58.0 ± 2.0

5.57 ±0.15

T5

354.7 ± 0.9

55.0 ± 1.9

5.51 ±0.15

T6

393.6 ± 2.2

62.8 ± 1.9

5.73 ± 0.24

T7

389.3 ± 2.7

70.5 ± 2.0

8.05 ± 0.25

Ti

420.7 ± 0.4

19.4 ± 0.9

4.42 ± 0.08

T2

421.9 ±0.4

24.1 ± 0.8

4.90 ± 0.08

T3

422.7 ± 0.4

24.4 ± 0.8

4.87 ± 0.08

T4

422.8 ± 0.5

24.3 ± 0.9

4.89 ± 0.08

T5

419.5 ± 0.5

25.9 ± 1.0

4.40 ± 0.09

T6

432.7 ± 0.6

22.0 ± 1.0

7.32 ± 0.26

T7

428.9 ± 0.8

20.0 ±1.7

4.23 ± 0.26

Table 4.5: c0O(T1)=5.291 ± 0.025, eoo(T2)=5.300 ± 0.023, e0O(T3)=5.326 ±
0-022, e00(T4)=5.424 ± 0.024, eoo(T5)=5.070 ± 0.023, eoo(T6)=8.084 ± 0.095,
eoo(T7)=7.472± 0.145.
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Semi-Quantum Dispersion Analysis : alumina
T

Transverse modes

Longitudinal modes

Oscillator

njTO[cm.-1]

Tj-rotcm-1]

Ti

385.1 ±0.2

2.7 ± 0.4

387.2 ± 0.2

4.9 ± 0.5

0.22 ± 0.06

T2

380.7 ± 0.4

7.1 ± 0.7

382.6 ± 0.4

10.6 ± 0.9

0.15 ± 0.03

T3

380.7 ± 0.9

9.8 ± 1.9

381.6 ±1.1

13.1 ±2.3

0.03 tQ.[)5

T4

384.9 ± 2.0

13.0 ±4.1

386.7 ± 2.4

17.0 ±5.2

0.03 ± 0.15

Ti

436.3 ± 0.2

4.4 ± 0.4

482.2 ±0.1

6.5 ± 0.2

2.92 ± 0.65

T2

433.5 ± 0.2

9.6 ± 0.3

476.6 ±0.1

11.7 ±0.3

1.88 ±0.27

T3

434.2 ± 0.3

10.5 ± 0.6

470.0 ± 0.4

18.1 ±0.9

0.72 ± 1.03

T4

431.9 ±1.3

15.5 ± 2.5

456.5 ± 1.3

22.1 ±2.3

0.33 ±1.38

Ti

496.8 ± 0.6

17.4 ±1.3

506.2 ± 0.6

14.7 ±1.1

0.16 ±0.04

T2

496.9 ± 0.8

24.2 ± 1.6

504.7 ± 0.6

18.6 ±1.3

0.12 ±0.02

T3

537.1 ±9.1

253.3 ± 29.7

532.1 ± 1.7

58.8 ±3.1

-0.13 ± 0.40

T4

491.3 ± 24.7

290.9 ± 53.0

535.9 ± 3.0

44.2 ±4.1

0.20 ± 0.98

Ti

577.7 ± 0.4

5.7 ± 0.5

630.5 ± 0.2

6.8 ± 0.4

2.18 ± 0.54

T2

574.8 ± 0.5

12.9 ± 0.5

624.2 ± 0.3

11.9 ±0.7

1.43 ± 0.24

T3

591.5 ±1.1

21.5 ± 1.0

625.1 ± 0.8

15.2 ±1.7

1.29 ± 1 ':2

T4

591.8 ±4.4

34.4 ± 4.5

628.6 ± 4.3

30.4 ±^.3

Ml'

Ti

633.7 ± 0.2

7.3 ± 0.5

808.3 ± 12.8

123.9 ±15.4

0.11±C03

T2

627.1 ±0.3

11.2 ±0.7

766.7 ± 7.9

151.8 ±16.9

0.06 ± 0.01

T3

628.1 ±0.6

10.0 ±1.2

935.7 ± 110.0

2120.2 ± 624.0

0.10 ± 0.02

T4

630.3 ±1.8

16.5 ± 3.3

650.7 ± 228.0 1530.1 ±1140.0

0.00 ± 0.03

1°C]

MjLO [cm-1]

ljLo[cm~l]

strengthfcm 2]

Table 4.6: T x = 25°C, T 2 = 374°C, T 3 = 686°C, T 4 = 862°C; €00^0=3.808 ±
0.141, e00(T2)=2.988 ± 0.075, eoo(T3)=1.081 ± 0.260 eoo(T4)=1.095 ± 0.747
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Classical Dispersion Analysis : alumina
T

Transverse modes

Oscillator

1
1
j [°C] CljToicm.- ]7 iTO [cm- ] strength[cm_1]

1

2

3

4

5

Tx

385.8 ± 0.2

3.4 ± 0.5

0.26 ± 0.02

T2

383.1 ± 0.7

11.9 ±1.9

0.29 ± 0.04

T3

386.8 ± 1.1

34.4 ±4.1

0.50 ± 0.06

T4

384.0 ±1.0

47.7 ± 3.5

0.46 ± 0.03

Tx

435.7 ± 0.3

4.9 ± 0.4

2.76 ± 0.03

T2

430.7 ± 0.4

11.5 ±0.4

1.73 ±0.03

T3

424.9 ± 0.5

17.8 ± 0.8

0.54 ± 0.04

T4

422.9 ± 0.4

20.3 ± 1.0

0.22 ± 0.02

Ti

498.4 ± 0.5

11.5 ±1.4

0.09 ± 0.01

T2

495.0 ± 0.8

13.9 ± 2.4

0.06 ± 0.01

T3

490.2 ± 1.8

9.7 ± 4.9

0.01 ± 0.01

T4

486.6 ±1.6

13.8 ±4.6

0.02 ± 0.00

Ti

575.4 ± 0.5

9.7 ± 0.5

1.87 ±0.05

T2

571.4 ±0.8

19.5 ± 0.9

1.19 ±0.04

T3

564.1 ±0.9

29.8 ± 1.3

0.46 ± 0.01

T4

567.5 ± 0.8

31.2 ±1.4

0.27 ± 0.01

Ti

634.6 ± 0.3

10.6 ± 0.7

0.10 ±0.01

T2

627.7 ± 0.5

17.7 ± 2.2

0.07 ± 0.01

T3

619.7 ±1.6

44.3 ± 4.5

0.04 ± 0.01

T4

610.9 ± 1.4

48.5 ± 3.3

0.05 ± 0.01

Table 4.7: Temperatures T,_4 are as given in Table 4.6. e0O(T1)=3.129 ± 1.140,
e00(T2)=2.690 ± 0.155, e ^ f T ^ ! ^ ± 0.038, eoo(T4)=1.402 ± 0.029
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Extrapolated Dielectric Analysis : zirconia
K2%GHZ

T[aC].

- F P S Q Estimates

k28GHz - T P C Estimates

Kj(xlQ-4)

KR

K^XlO'4)

22 42.58 ±0.00

648.0 ±4.0

40.75 ±0.86

737.2 ±237.7

85 37.13 ±0.04

633.3 ± 5.6

37.47 ±0.81

659.7 ± 235.3

170 38.39 ±0.05

619.7 ± 5.2

35.52 ±0.78

938.7 ± 244.0

296 34.57 ±0.35

651.6 ±4.1

34.96 ± 0.89

458.6 ± 305.2

356 33.23 ±0.12

664.4 ±2.4

32.80 ±0.88

587.4 ±325.1

554 30.42 ±0.00

333.8 ± 1.6

32.42 ±1.04

820.7 ±274.1

709 22.75 ±7.20

226.7 ± 70.2 27.41 ± 1.73

220.0 ±236.8

KR

k2A5GHZ - FPSQ Estimates k2A5GHz - TPC Estimates
KT(X1Q-4)

KR

22 42.58 ±0.00

64.5 ±0.4

40.75 ± 0.86

56.7 ± 20.7

85 37.13 ±0.04

57.7 ± 0.5

37.47 ±0.81

55.4 ±20.5

170 38.39 ±0.05

82.1 ±0.5

35.52 ±0.78

54.2 ±21.3

296 34.57 ±0.35

40.1 ±0.4

34.96 ± 0.89

57.0 ±26.6

356 33.23 ±0.12

51.4 ±0.2

32.80 ±0.88

58.1 ±28.4

554 30.42 ±0.00

71.8 ±0.1

32.42 ±1.04

29.2 ±23.9

709 22.75 ±7.20

19.3 ±6.1

27.41 ± 1.73

19.8 ± 20.6

T[°C]

KR

KJ(X1Q-4)

Table 4.8: The temperature-varying extrapolated estimates of the dielect
stant k = KR - iKi at 2.45 G H z (UJ = 0.082 cm" 1 ) and 28 G H z (OJ = 0.934 cm" 1 )
have been calculated according to both the T P C dielectric function (Equ. (4.4))
and the FPSQ dielectric function (Equ. (4.5))
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Extrapolated Dielectric Analysis : alumina
kxGHz - F P S Q Estimates

/c28Giyz - T P C Estimates

K/(X10-4)

KR

/^(xlO"4)

25 9.39 ±2.02

-15.61 ±4.70

9.37 ± 5.82

7.42 ±0.12

374 6.63 ±0.95

-13.64 ±3.51

6.31 ± 7.87

2.78 ±0.18

686 3.10 ±4.36

-50.68 ± 73.77

3.40 ±0.30

2.03 ± 0.34

862' 1.77 ±7.10

-42.09 ± 170.34 2.11 ±0.21

1.92 ±0.26

T[°C]

KR

k2A5GHz - FPSQ Estimates k2A5GHz - TPC Estimates
KJ(X1Q-4)

KR

AC7(xlQ-4)

25 9.39 ±2.02

-13.66 ±4.11

9.37 ± 5.82

6.49 ±0.10

374 6.63 ±0.95

-11.94 ±3.07

6.31 ±7.87

2.43 ±0.15

686 3.40 ±0.95

-44.35 ± 3.07

3.40 ±0.30

1.77 ±0.29

862 2.41 ±7.10

-36.83 ±149.10

2.41 ± 0.21

1.68 ±0.23

T [°C]

KR

Table 4.9: The temperature-varying extrapolated estimates of the dielectr
stant K = K R - iKl at2.45 G H z (UJ = 0.082 c m - 1 ) and 28 G H z (UJ = 0.934 cm" 1 )
have been calculated according to both the T P C dielectric function (Equ. (4.4))
and the FPSQ dielectric function (Equ. (4.5))
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Loss Tangent based Extrapolated Estimate of KJ
According to the T P C Dielectric Function
zirconia
- 28 G H z (UJ = 0.934 cm" 1 )
T[°C] E t a n ^ ( x l 0 - 3 )

KT(X10~2)

2.45 G H z (OJ = 0.082 c m - 1 )
£ t a n ^ (xl0~4)

Kl(x10~

3

)

22

1.590 ±0.039

6.48 ± 0.28

1.392 ±0.034

5.67 ± 0.24

85

1.690 ±0.042

6.33 ± 0.28

1.479 ± 0.037

5.54 ± 0.24

170

1.745 ± 0.047

6.20 ± 0.29

1.527 ±0.041

5.42 ± 0.25

296

1.863 ± 0.060

6.52 ± 0.36

1.631 ± 0.053

5.70 ± 0.21

356

2.026 ± 0.068

6.66 ± 0.38

1.773 ±0.060

5.81 ± 0.33

554

1.029 ± 0.068

3.34 ±0.31

0.901 ± 0.059

2.92 ± 0.27

709

0.827 ± 0.073

2.23 ± 0.29

0.724 ± 0.064

1.98 ± 0.26

alumina
28 G H z (UJ = 0.934 cm" 1 )
T[°C] Etan^(xlQ- 5 )

KT(X1Q-4)

2.45 G H z (u = 0.082 cm" 1 )
Etanfl,- (xlQ-6)

KT(X10~5)

25

1.580 ±0.137

1.48 ±0.51

1.382 ±0.120

1.30 ±0.45

374

3.222 ±0.275

2.03 ±0.74

2.819 ±0.241

1.78 ±0.65

686

5.951 ±0.913

2.03 ± 0.40

5.208 ±0.799

1.77 ±0.35

862

7.959 ±0.977

1.92 ±0.31

6.964 ±0.855

1.68 ± 0.27

Table 4.10: Approximate extrapolated estimates (based upon the loss tangents
for reflectance bands with positive oscillator strength), of the dielectric constant
« = «fi - i/cj at 28 G H z (UJ = 0.934 cm" 1 ), and at 2.45 G H z (UJ = 0.082 cm" 1 )
using equation (4.4).
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Loss Tangent based Extrapolated Estimate of K{
According to the F P S Q Dielectric Function
zirconia
28 G H z (UJ - 0.934 cm" 1 )
T[°C] E t a n ^ ( x l 0 - 3 )

2.45 G H z (UJ = 0.082 cm" 1 )

/^(xlO"2)

£tan<^ (xl0~4)

^(xlO" 3 )

22

1.675 ± 0.009

7.13 ±0.06

1.466 ± 0.008

6.24 ± 0.05

85

1.674 ± 0.013

6.21 ± 0.08

1.465 ± 0.012

5.44 ± 0.07

170

1.837 ± 0.026

7.16 ±0.16

1.608 ±0.023

6.26 ± 0.37

296

1.667 ± 0.024

5.93 ± 0.15

1.460 ±0.021

5.19 ±0.13

356

1.637 ± 0.018

5.50 ±0.10

1.432 ±0.016

4.81 ±0.33

554 ' 1.892 ±0.023

6.53 ±0.12

1.655 ± 0.020

5.71 ±0.11

709

7.82 ±3.10

2.180 ±0.356

6.84 ± 2.67

2.491 ± 0.401

alumina
28 G H z (OJ = 0.934 cm- 1 )
T[°C] Dtan^(xl0- 5 )

2.45 G H z (OJ = 0.082 cm" 1 )

«7(xl0-4)

X)tan^ (xlO"6)

«7(xlO-5)

25

1.211 ±0.315

1.14 ±0.47

1.059 ± 0.276

1.00 ±0.41

374

2.431 ±0.388

1.61 ±0.42

2.127 ±0.340

1.41 ±0.36

686

3.744 ±0.413

1.21 ±0.26

3.267 ± 0.362

1.06 ±2.31

862

15.09 ± 66.30

2.67 ± 17.9

13.20 ± 58.01

2.33 ± 15.7

Table 4.11: Approximate extrapolated estimates (based upon the loss tangents
for reflectance bands with positive oscillator strength), of the dielectric constant
* = «R - i«7 at 28 G H z (UJ = 0.934 cm" 1 ), and at 2.45 G H z (UJ = 0.082 cm' 1 )
using equation (4.5).
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Estimated Values of the Static Permittivity e0
zirconia
FPSQ-analysis
T[°C]

Ej-Ac,-

TPC-analysis

e0 = eoo+EjAej

£,. Ae,-

e0 = eoo +

EjAej

22 37.282 ±0.101

42.582 ±0.108

35.456 ± 0.719

40.747 ±0.075

85 31.905 ±0.162

37.127 ±0.166

32.171 ±0.677

37.472 ± 0.700

170 33.337 ±0.300

38.950 ±0.308

30.190 ±0.657

35.516 ±0.681

296 28.598 ±0.330

35.542 ±0.358

29.535 ± 0.758

34.960 ±0.782

356 27.272 ±0.242

33.603 ± 0.263

27.727 ±0.751

32.797 ± 0 7 ^

554 24.749 ±0.178

34.511 ±0.224

24.335 ± 0.840

32.419 ±

709 19.752 ±6.461

31.417 ±7.136

19.939 ± 0.968

27.411 ±1.113

.27.,

alumina
FPSQ-analysis
T[°C]

TPC-analysis

EjAej

ep = epp + £,-Ae,

£,- Ae,-

e0 = eoo +

EjAej

25

5.584 ±1.313

9.392 ±1.454

6.239 ± 1.292

9.368 ± 2.432

374

3,642 ±0.578

6.630 ± 0.652

3.615 ±0.228

6.305 ± 1.771

686

2.142 ±3.459

3.223 ± 3.490

1.559 ±0.114

862

0.673 ±3.367

1.768 ±4.114

1.010 ±0,070

3.403 ±0.152
2.411 ±0.098

Table 4.12: Static permittivity calculations for zirconia and alumina according to
both the FPSQ and T P C dispersion analysis.
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4.3 Microwave power absorption measurements
4.3.1 Results
Raw power requirements and the resulting temperature response for heating 50g
specimens of A 1 2 0 3 , 5 w t % T Z 3 Y in A 1 2 0 3 , 1 0 w t % T Z 3 Y in A 1 2 0 3 and T Z 3 Y with
28 G H z microwave radiation are plotted respectively in Figures 4.12 to 4.15. Each
figure consists of two plots. Plot (a) emphasises the negligible reflected power and
plot (b) the complementary temperature response to the absorbed power P a which
is reasonably taken as the forward power P 0 minus the reflected power Pr. This is
justified from H F S S calculations which determine rf power loss in the skin of the
microwave vessel to be comparable to P r or less.
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4.3.2 Analysis
In order to compare the heating requirements of each sample, P a is normalised to
a power per cubic meter. This is because theoretical calculations will estimate the
power density in units of W . m - 3 as well as the 50g sample of T Z 3 Y in particular
being pressed to a higher green density (compared to the other samples), owing
to its finer particle size and the presence of a binder (burnt out prior to microwave
heating).
From plot (b) then of Figures 4.12 - 4.15, plots of the average absorbed power
F 0 versus temperature T are determined, with P0 divided by the temperaturedependent cubic meter volume of the 50g sample. Figures 4.16 - 4.17 show these
together with a least squares fitting curve. In particular thefirsttwo points of plot
(b) in Figure 4.16 (for 5 w t % T Z 3 Y in A 1 2 0 3 ) , are not included in thefitsince they
are not consistent with the trend of the remaining data nor with similar points from
associated data of A 1 2 0 3 and 5 w t % T Z 3 Y in A 1 2 0 3 .
A comparison of power absorption of 28 G H z microwave radiation, per cubic
meter of oxide ceramic, is provided for in plots (a) and (b) of Figure 4.18.
The purpose of these results of P 0 [ W . m - 3 ] versus T, will be to provide a
check on the order of magnitude accuracy of loss factor estimation from infrared
reflectance analysis of the samples. The T - dependent loss factor determinations are to be used to theoretically estimate the power requirements at 28 G H z
microwave radiation to heat a given mass of engineering ceramic at any given
temperature.

4.4 Thermometry in High Power Microwave Fields
Thermometry of engineering ceramics heated by cm-wavelength microwave energy was concurrently performed using one of two calibrated B-type thermocou-
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28 G H z power absorption characteristic for a 50g alumina load
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Figure 4.12: Plots (a) and (b) of this figure for alumina summarise the power
requirements of 28 G H z microwave radiation needed to maintain particular temperature set points as enabled by a PID power control algorithm.

193

28 G H z power absorption characteristic for a 50g sample of 5
w t % T Z 3 Y in alumina
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Figure 4.13: Plots (a) and (b) of thisfigurefor 5 w t % T Z 3 Y in A 1 2 0 3 summarise the
power requirements of 28 GHz microwave radiation needed to maintain particular
temperature set points as enabled by a PID power control algorithm.
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28 G H z power absorption characteristic for a 50g sample of
10 wt%TZ3Y in alumina
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Figure 4.14: Plots (a) and (b) of thisfigurefor 1 0 w t % T Z 3 Y in A 1 2 0 3 summarise

the power requirements of 28 GHz microwave radiation needed to maintain par

ticular temperature set points as enabled by a PID power control algorithm
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28 G H z power absorption characteristic for a 50g sample of
zirconia (TZ3Y)
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Figure 4.15: Plots (a) and (b) of this figure for zirconia ( T Z 3 Y ) summarise the
power requirements of 28 G H z microwave radiation needed to maintain particular
temperature set points as enabled by a P I D power control algorithm.

196

Power absorption of 28 G H z microwave radiation
per m" of alumina
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Figure 4.16: Plots (a) for A 1 2 0 3 and (b) for 5 w t % T Z 3 Y in A 1 2 0 3 are respectively
constructed from the data of plot (b) in Figures (4.12) and (4.13). The least squares
fitforAlaOsisP. = 19.3878 + 5.19673 x 1 0 " 3 T + 1.00211 x 1 0 ' 7 T 3 and for
5wt%TZ3Y in A 1 2 0 3 is Pa = 22.4621 + 12.8005 x 1 0 " 3 T + 8.49101 x 1 0 " 7 T 3
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Power absorption of 28 G H z microwave radiation
per m of 10 wt% TZ3Y inalumina
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Figure 4.17: Plots (a) for 1 0 w t % T Z 3 Y in A 1 2 0 3 and (b) for zirconia (TZ3Y) are
respectively constructed from the data of plot (b) in Figures (4.14) and (4.15).
least squares fit for 10wt%TZ3Y in A1203 is Pa = 13.346 4- 7.90474 x 10"3T +
9.72167 x 10-7T3 and for TZ3Y is Pa = 30.5587 + 30.357 x 10"3T + 2.33694 x
10-7T3
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Power absorption of 28 G H z microwave radiation
per m J of oxide engineering ceramic
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Figure 4.18: Part (a) of the figure is a combined plot of the normalised absorption
data points. Part (b) gives combined plots of thefittingfunction for each material.
Little difference in p o w e r absorption is noted a m o n g the alumina samples.
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pies3, a two colour ratio pyrometer 4 sensing from 0.70 pm to 1.08 pm and 900°C
to 2400°C, and a multiwavelength pyrometer ( M W P ) .
The primary aim of the experiment in the thermometry of microwave-heated
dielectric (ceramic) loads, w a s an examination of the applicability and accuracy
of the principle of M W P . A secondary aim was the assessment of the accuracy of
the two colour ratio pyrometer. Following this, an account is given in the final
section of this chapter of an accompanying experiment which compares, for a target that is heated incandescently, the accuracy of the ratio and multiwavelength
pyrometers against a standard K-type thermocouple. That is, an additional basis
is provided for confidence in the performance of the M W P by heating under conventional (i.e. non-microwave) conditions, using the more c o m m o n l y k n o w n (and
accepted) behaviour of a thermocouple as a reliable thermometer. In principle,
such an experiment is redundant since radiometry cannot discriminate between a
Calibration was

performed

by

Precision Calibration

Services Pty.

First B-type thermocouple
Make:

Engelhard

Model Number:

IM - 7845

Serial Number:

0210323

Test Equipment:

PCS 1236 N A T A calibrated, traceable to the National Standard

Total Uncertainty: ± 1°C
Maximum Error:

± 1 °C

Second B-type thermocouple
Make:

Engelhard

Model Number:

IM - 8440

Serial Number:

0528092

Test Equipment:

PCS 1234 N A T A calibrated, traceable to the National Standard

Total Uncertainty: ± 1°C
Maximum Error: ±2°C
IRCON Mirage, Series 0R05 - 24C. Thermometric uncertainty ± 5 %
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Ltd.

target heated by whatever means (solar, ohmic, R F etc.)5; but it is provided for
nonetheless to secure confidence w h e n pyrometric methods appear more complex
than the simple application of a thermocouple6.
One important constraint was that the temperature had to be held constant
for the duration of the measurement. This constraint was imposed by the M W F
detector which used a single, P b S element, rather than an array detector. The
practical consequence of this was that the radiance spectrum was progressively,
rather than instantaneously acquired, over a given wavelength domain. With a
300 grooves.mm -1 diffraction grating (reciprocal dispersion, 11.4 n m . r n m - 1 ) , the
l/4m Oriel monochromator had an effective bandwidth of « 1 7 n m for an exit slit
width setting of 1.5 m m . With spectral detail not being so m u c h of a concern as
scan speed, a step interval of « 2 x the effective bandwidth (30 n m ) was selected,
enabling the measurement interval (1 - 2.5 pm) to be covered in approximately 90
seconds.
The option of spectrographic detection, using say, a linear photo-diode array detector, while allowing for real-time M W P , would confine its application to
high-temperature thermometry. To date, array detectors are commonly built using
silicon photo-diodes which have a peak detectivity in the visible band that rolls off
steeply into the noise threshold a t « 1 pm. Using the relation XmT

= 2.898 x IO 6

nm.K to track the shift in peak wavelength A m of the Planck curve with temperature T, it can be shown that A m = lpm for T « 3000 K, and that A m = 0.7pm for
T«4000K.
a source of radiance is such, irrespective of how it came to be hot.
It is well worth noting however that primary thermometers are established from any (quantum)
system from which Boltzmann's constant kB may be determined. A black body cavity, that is used
to serve the calibration of pyrometers, constitutes just such a system. Thermocouples, which are
understood in terms of the Seebeck effect, are not directly a measure of k#, and so are ranked as
providing a secondary standard after pyrometers for thermometric calibration
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With no one temperature being especially significant, 1000°C was chosen for
the comparison using each of the four ceramic samples: alumina, 5 w t % T Z 3 Y in
alumina, 10 w t % T Z 3 Y in alumina and T Z 3 Y as a target.
The set-point temperature of 1000°C, during microwave irradiation, was reached
and held with computer control. A PID algorithm written in Labview 7 was used.
The Labview control code used the B-type thermocouple signal as the control signal for dynamic adjustment of the output power of the Gyrotron (P0). The result
for each of the ceramic samples are shown in Figures 4.19 to 4.22.
Comparative plots of temperature estimates by the B-type thermocouple, two
colour ratio pyrometer and M W P are givenfirstlyfor alumina and 5 w t % T Z 3 Y in
alumina in Figs.(4.23a) and (4.23b) respectively, and secondly for 10 w t % T Z 3 Y
in alumina and T Z 3 Y in Figs. (4.24a) and Figs. (4.24b) respectively. Allied to
these are Tables (4.14) to (G.13) which tabulate best-fit parameters for the four
emissivity function models, for each of the M W P temperature estimates. Plotpoints from left torightin eachfigurecorrespond to table row entries going from
top to bottom. The correspondence of Tables (4.14) to (4.25) to Figs. (4.23)
and (4.24) is summarised in the schedule of Table (4.13). D u e to the number of
data tables involved, only Tables (4.14) and (4.15) will accompany Figure (4.23),
and Tables (4.16) and (4.17) will alone accompany Figure (4.24). The remaining
tables (Tables (G.6) to (G.13)) m a y be referred to in Appendix G.2. Tables (4.14)
and (4.16) are shown here as the results of the only Linear Least Squares (L L S Q )
analysis, while Tables (4.15) and (4.17) are given here for the details of the more
consistently accurate Fresnel-Maxwell emissivity model, which required a nonlinear least squares ( N L L S Q ) analysis.
The form of the radiation law and the emissivity models used govern the application of either a linear least squares analysis (L L S Q ) or a non-linear least
'National Instruments
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Figure 4.19: Labview PED control of Gyrotron power is shown to be operating
over the flat characteristic of plot (a) to maintain a temperature of 1000°C for
alumina. Plots (b) and (c) show the associated power measurements of forward
and reflected power.
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5 w t % T Z 3 Y in alumina
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Figure 4.20: Labview PID control of Gyrotron power is shown to be operating
over the flat characteristic of plot (a) to maintain a temperature of 1000°C for 5
wt% T Z 3 Y in alumina. Plots (b) and (c) show the associated power measurements
of forward and reflected power.
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10 wt% TZ3Y in alumina
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Figure 4.21: Labview PID control of Gyrotron power is shown to be operating
over theflatcharacteristic of plot (a) to maintain a temperature of 1000°C for 10
wt% T Z 3 Y in alumina. Plots (b) and (c) show the associated power measurements
of forward and reflected power.
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emissivity

analysis

Fig. (4.23a)

Fig.(4.23b)

Fig. (4.24a)

A1203

5wt%TZ3Y/

10wt%TZ3Y/

A1203

A1203

model
ln|e|=

Fig.(4.24b)
TZ3Y

LLSQ

Table 4.14

Table 4.14

Table 4.15

Table 4.15

c=

NLLSQ

Table 4.16

Table 4.16

Table 4.17

Table 4.17

t{aha2,T)

-FM

e=

NLLSQ

Table G.6

Table G.7

Table G.8

Table G.9

t(aha2,T)

-L

e=

NLLSQ

Table G.IO

Table G.ll

Table G.12

Table G.13

e(oi-4,r)

-E

lne(ai,02,r)

Table 4.13: L L S Q denotes Linear Least Squares and N L L S Q , Non-Linear Least
Squares. The extensions -FM, -L and -E, denote N L L S Q analyses by means of
the Planck radiance law weighted by a Fresnel-Maxwell emissivity model, linear
wavelength-dependent emissivity model and an Edward's emissivity model.
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Figure 4.23: Figures 4.23a and 4.23b each jointly plot estimates of temperature
from the B-type thermocouple, two colour pyrometer and M W P .
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xtal

A1203

Spm

R2

fli

^

02X1Q.5

^

x 1Q6

T(OQ

^ O Q

1

0.994 -1.198

0.465

-5.012

1.397

904

4

2

0.990 -3.372 0.569

0.508

1.708

1147

4

3

0.986

-2.529 0.729

-0.912 2.190

1006

4

4

0.991

-5.097 0.548

5

0.990 0.256

5.985

1.647

1363

5

0.611

-9.668

1.836

810

3

6

0.990 -3.000 0.607

0.838

1.822

1057

4

7

0.993 -5.977

0.464

8.238

1.395

1523

5

8

0.990 -1.505

0.579

-4.326

1.612

1205

4

9

0.985 -2.923

0.783

0.877 2.353

1297

4

10

0.988

-5.017 0.639

5.330

1.918

1372

5

11

0.991

-5.538 0.563

7.669

1.692

1410

5

12

0.992 -5.274 0.536

6.597

1.609

1389

5

13

0.984 -6.566 0.734

10.02

2.206

1634

6

14

0.990 -5.807 0.594

8.630

1.785

1463

5

15

0.988 -1.839 0.676

-2.784 2.030

957

4

5wt%

1

0.993 -0.621

0.527

-6.109

1.582

876

3

TZ3Y/

3

0.986

0.720

-12.02 2.162

751

3

A1203

5

0.992 -6.901

0.521

12.04

1.565

1764

6

7

0.992 -5.084 0.518

6.911

1.556

1382

5

9

0.990 -4.935 0.604

6.863

1.815

1329

5

11

0.993 -3.506 0.495

1.793

1.486

1191

4

13

0.993 -3.606

0.480

2.376

1.443

1180

4

15

0.996 -1.887 0.429

-1.243

1.289

958

4

17

0.988 -1.560 0.665

-3.024

1.997

948

4

1.328

Table 4.14: Data table of the L L S Q analysis of radiance spectra for A 1 2 0 3 and 5
wt% TZ3Y in A1203. x2 = sample ceramic type. Spm=spectrum. R2 = adjusted
coefficient of determination (R2). a* = best fit coefficient. aai = error in a{
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3.245
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TZ3Y/
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20
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5

9.230

1411

243 100 5.576

1059

21

7

3.712

1369

154 100 3.449

1050

13

9

9.750

1352

248 100 5.479

1048
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11

12.00

1505

310 100 7.576

1056
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13

2.899

1427

148 100 3.433

1045
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15

4.548

1199

141 100 2.752

1048

14

17

6.077

1344

196 100 4.312

1045

17

A1203

1

4.446

2

6.938

3

Table 4.15: Data table of the N L L S Q analysis of radiance spectra for A 1 2 0 3 and
5 wt% TZ3Y in A1 2 0 3 . x2= sample ceramic type. Sp2=spectrum. a* = best fit
coefficient, o^ =error in a^.
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10 w t % T Z 3 Y in alumina
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Figure 4.24: Figures 4.24a and 4.24b each jointly plot estimates of temperature
from the B-type thermocouple, two colour pyrometer and MWP
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x tai
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T(°C)
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1
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2.053
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9
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9

14

0.987 -5.149

0.663

5.010

1.991

1302

5

10wt%

1

0.991

-8.565

0.525

14.91

1.576

2159

7

TZ3Y/

3

0.982 -7.853

0.785

13.23

2.358

1851

6

A1 2 0 3

5

0.987 -8.602

0.677

15.90

2.032

2057

7

7

0.975 -2.307

0.953

-2.775

2.863

978

4

9

0.987 -5.099

0.664

4.917

1.995

1334

5

11

0.986 -9.227

0.666

17.04

2;000

2308

8

13

0.970 -9.507

1.001

17.89

3.007
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8
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6
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0.978 -11.16
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23.46
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10

TZ3Y

Table 4.16: Data table of the L L S Q analysis of radiance spectra for A 1 2 0 3 and 10
wt% TZ3Y in A1 2 0 3 . x2 = sample ceramic type. Spm=spectrum. R2 = adjusted
coefficient of determination (R2). ai = bestfitcoefficient. oai = error in a*.
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8.326

3778

100

69.67

1028

35

15

4.449

1483

323 100

8.576

937

17

6.094

1427

358 100

8.767

942

TZ3Y

1137

T

K

Table 4.17: Data table of the N L L S Q analysis of radiance spectra for A 1 2 0 3 and
10 w t % T Z 3 Y in A 1 2 0 3 . x2= sample ceramic type. Sp2=spectrum. a,- = best fit
coefficient. aa. =error in a*.
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squares analysis ( N L L S Q ) .
Application of a linear-exponential spectral emissivity together with the W i e n
approximation of the radiation law leads to one applying L L S Q analysis. Alternatively, application of the full Planck radiation law, spectrally weighted with either
the fundamental Fresnel-Maxwell, Edward's or simple linear emissivity, requires
the N L L S Q analysis.
Tables (4.14) and (4.16) therefore, are a s u m m a r y of the accuracy of the
Wien law and linear-exponential emissivity while Tables (4.15) and (4.17) particularly detail the results of applying the Fresnel-Maxwell emissivity model with
the Planck radiation law.
Included in the table summaries are an R2 column in the L L S Q analysis (i.e.
the adjusted R2) and a x2

m

the N L L S Q analysis. These are respectively the

results of a calculation from the coefficient of determination5 and the goodnessof-fit parameter (to be treated in m o r e detail in the error analysis of section (4.2.1).
The analysis procedure for resolving a temperature and spectral emissivity
from a radiance spectrum, will be demonstrated on a representative radiance spectrum from the set of spectra recorded for a given ceramic sample. For arguments
sake, the middle spectrum in the measurement set of each ceramic will be mrc>
the subject of analysis.
The first stage in the analysis is the transformation of the measured voltage spectrum V (A*) of the P b S detector into the equivalent radiance spectrum
% 2

R , the square of the multiple correlation coefficient given by the ratio of the model sum-of-

squares, to the total sum-of-squares. The adjusted R2, R2, is defined as

. where n here, is the number of voltage terms per spectrum and p is the number of un
coefficients.
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L(Xi,T)9 through a transfer function. Thus
e(Xi,T)L(Xi,T) = 8(Xi,T)V(Xi,T)
where 9 (Ai, T ) is the transfer function and e (Ai; T) is the model function of the
spectral emissivity. It is a measure of the total optical response of the spectrophotometer to a polychromatic signal and is formally described by the convolution
integral
/•Ao. + iAi

'

pXoi + kAi

9(X)dX=

Sf(X)*Sm(X)*Sd(X)*dX

(4.9)

•/Aoi-|Ai

•^-fAi

where 5/ (A), Sm (A) and Sa (A) are the component spectral responses of the collection optics (telescope lenses and optic fibre), the mirrors and grating of the
monochromator and the detector, respectively. The limits of integration in (4.9)
are set at \Ai about the centre wavelength setting X0i of the monochromator. Subscript i refers to the ith step interval determined earlier with respect to the effective
bandpass and optimum scan speed of the monochromator.
9 (Aj, T) was determined by measuring the radiance spectrum LBB (A,, T) of
a blackbody emitter in thermal equilibrium. Thus
„n T,
U hI)
^

LBB(Xj,TBB)
V(Xi,TBB)

[W.m^.sr- 1 ]
[Volts]

Transformation then, of the voltage spectrum for some other radiating material
surface is given by the simple product
e(Xi,T)L(Xi,T)

=

6(Xi,TBB)V(Xi,T)

4.4.1 The Practical Derivation of the Transfer Function
For this thesis a practical blackbody was provided by either a conical recess in
the plane face of a carbon block, or from the curved surface of a carbon post (of
The radiance by definition is W.m-2.sr_1, the energyfluxdensity per steradian.
215

identical diameter to that of the uniaxially pressed ceramic samples), in order to
account for possible geometric radiation factors. The analysis sequence is outlined
by Figures (4.25) and (4.26).
Care was taken to ensure the carbon post was located precisely where the ceramic sample was to be located for microwave heating. This was to limit any
possible systematic error from inconsistent geometric effects that would alter the
effective instrument function between the standard and the sample. The experimental arrangement for measurement of 9 (Ai, TBB) is shown in Figure (4.27).
Transfer functions were obtained for all the different optical and geometrical arrangements required for the experiment.
It shows h o w a carbon post would be incandescently heated under vacuum
in the microwave cavity. Power to the heater coils was simply provided by a
Variac using a vacuum feed-through. Aluminafibreboard provided the thermal
insulation. For the purpose of the explanation the heater face is open to show
the resistance element, but under operation it would be covered, except for an
opening that was aligned with the optic axis of the telescope. A laser beam shone
back through thefibreoptic was used for alignment. The laser was also used for
routine alignment of ceramic samples for M W P prior to microwave heating.
In the representative radiance spectra in the set of measurements m a d e for
each ceramic sample, two of the several transfer functions, that were required for
different focal adjustments of the M W P ' s telescope, were derived using a carbon
post heated to temperatures of 857°C and 862°C. Their derivation is demonstrated
in Figures (4.25) for the particular case of 857°C. Five and ten w t % T Z 3 Y in
alumina in particular required the transfer function determined at 857°C while
pure alumina and T Z 3 Y happened to require the transfer function determined for
862°C. The difference between the two has no significant baring on accuracy but is
maintained for consistency. The choice of which transfer function to use was sim-
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Figure 4.25: Derivation of the Transfer Function for a practical carbon blackbody
maintained at 857°C. The plots convey the division of curve (a) by curve (b) to
give curve (c).
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Figure 4.27: The experimental arrangement for measurement of the transfer function. The front cover of the heater is shown removed to reveal a sample of alumina
situated as a practical black body (carbon pillar or conical recess) would be, for
measurement of the instrument function of the multiwavelength pyrometer.
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ply a matter of the telescopic configuration used to acquire the middle spectrum
(in each set of measurements), that matched with a given calibration configuration.
Using these transfer functions, the set of plots in each of Figure (4.26) exemplify the derivation of L (Ai5 T) from V (Xt, T) using the appropriate 8 (Xu TBB)
for the representative spectrum of each ceramic.
To resolve a temperature from L(Xi,T), L (A;, T) is m a d e dimensionless by
the re-ordered product
L ( X i , T ) ^ = e(Xi,T)^_±

(4.10)

eX{T _ 1

Cl

where c\ = 2-Khc2 and c^ = ^ are respectively the first and second radiation
constants.
In least squares analysis, the termination of the iterative solution process of
best fit by thefitting(or model) function (R.H.S. of (4.7)) to L (Xu T) is found
in terms of a pre-defined decrement in the goodness-of-fit parameter x2, being
satisfied. If model equations retain physical units, it is not clear what the value
of x2 ought to be. To have x 2 < 1 for a physical problem requires the model
function to be dimensionless, leaving choice open for setting thefittingparameters
(undetermined coefficients), which here are those used to construct e (A*, T).
From here analysis m a y proceed by either linear or non-linear least squares
statistics according to Figure (2.10) of Chapter2, depending on the choice of radiation law'and emissivity model.

4.4.2 Linear Least Squares Analysis
Linear least squares analysis applied formulae of Appendix A.3.7 of the literature
review, in which the dimensionless model function of radiance was the logarithmic
expression

£ = ln

L(Xi,T)^-

= ln|e(A i 5 T)| ~ ^
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2

^

where
ln|e(A i ,T)| = a 0 + a 1 A i
so that x 2 of (2.92) was minimised with respect to a 0 , ai and T = &• for a model
function $ = a0 + axX - c^A-1.
Application of the least squares analysis to estimation of temperature from the
representative radiance spectra of alumina, 5 wt % and 10 w t % T Z 3 Y in alumina,
and TZ3Y are respectively summarised in the plots of Figures (4.28) to (4.31).
Shown in the plots of each figure are the experimental spectra and model functions in firstly the non-dimensional analysis of Plots (a) and (b), and in the final
dimensional form of plot (c).
Error Analysis
In least squares analysis the assumption is made that the set of radiance (voltage) measurements of a given spectrum are described by a Gaussian probability
distribution, so that the probability of measuring a given radiance L (Aj) is
P (Oi, 02, • • • , dm) = IT (

W/2-K )

=

1
) exp \ -- J^
L(X )-y£^(a ,X )
2 i=1 °i L i fc=ik i

l2'

where d, a2,..., a^,..., am are the actual set of measurements of m values (parameters) implicitly held in each L (Aj) recorded. The wavelength A* and L (Aj)
are the measured variables, a (Aj) is the uncertainty in L (Aj) and $ (ak, Ai) is the
value of the model function at Aj. The index i runs over the set of n measurements10
Finding the optimumfitto the data requires P (ai, a2,..., a m ) be maximised
by minimising the argument of its exponent, the so called goodness-of-fit paraml Heren

°
= ( M L o n m " r o = 50' ^
monochromator.

scan

i^™11 over2 x theeffective bandwidth of the

221

wavelength (nm)
1150

1350

1550

1750

1950

2150

-7.5

(a)
-8.5 -\
^**~

5~
-10

SL

-10.5
-11
-11.5
-12

experimental data
linear fit

/r

45
40-^ 35 -

(b)

2 M 30-

5 I 25
O w

§ § 20
^3 S 15
•—' 10
5
0

1150

JT-

3.2

I_

• experimental data
"non-linear fit

1350

1550
1750
wavelength (nm)

1950

2150

(C)

to

's 2.7
£ 2.2
o\

o
X

1.7

n
o

• experimental data
•linearfit(T= 1523 C )

T3
as
u

•non-linearfit(T = 994 C)

c 1.2

0.7
1150

1350

1550
1750
wavelength (nm)

1950

2150

Figure 4.28: Linear (plot (a)) and Non-linear (plot (b)) least squares analysis of
A1203. Plot (c) compares the fit of model functions to the radiance data. The nonlinear fit shown here is in particular derived from the Fresnel-Maxwell emissivity
model.
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Figure 4.29: Linear (plot (a)) and Non-linear (plot (b)) least squares analysis of 5
wt % T Z 3 Y in A 1 2 0 3 . Plot (c) compares the fit of model functions to the radiance
data. The non-linear fit shown here is in particular derived from the FresnelMaxwell emissivity model.
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10 wt % TZ3Y in A1203. Plot (c) compares the fit of model functions to the
radiance data. The non-linear fit shown here is in particular derived from the
Fresnel-Maxwell emissivity model.
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Figure 4.31: Linear (plot (a)) and Non-linear (plot (b)) least squares analysis of
TZ3Y. Plot (c) compares thefitof model functions to the radiance data. The nonlinear fit shown here is in particular derived from the Fresnel-Maxwell emissivity
model.
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eter

1_

x2 = i=lE

L (Xi) - _T $ (ak, Xt)
k=i

The simultaneous solution therefore of |^- = 0 over the m afcs, leads to m coupled
equations in m unknowns (ak) These equations m a y be expressed as the matrix
equation

For the model function (with m = 3)

= a0 + aiAj - a2A2~
—•

the elements of the column vector b are defined by

^{^MAM
and the curvature matrix A by
a

xy = _Z\

a 2

M

N/S

(A<) /» (Aj)

By matrix methods of (multiple) linear regression, the solution vector x, is
solved for from
x = 6A-1
The inverse matrix A~l is the error matrix[ll] and is identical to the variance as
m
*=i

for the uncertainty in the determination of ak. It is these which have been calculated and tabulated in Tables (4.14-17) and Tables (G.6-13).
The error estimate in temperature for the L L S Q analysis was determined from
dT ,
T J
crT,
ST = — d c a + jr-dav
oa2
002
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using T = ^- and do2 = a a2 . Uncertainty in the second radiation constant ca is
determined as 43 p p m by Taylor et al [209] from error propagation in measurement of Planck's constant h and the Boltzmann constant kB where dh is estimated
to 7.6 p p m [J.s] and dkB to 43 p p m [J.K -1 ].

4.4.3 Non-linear Least Squares Analysis
Non-linear least squares analysis admits more flexibility in the construction of
e (Aj, T). In particular three expressions of a spectral emissivity are applied. These
are a simple empirical linear law
£L (AJ) = a0 + ajAj
the Edward's model
1/2

£E (AJ)

= a0

2a?

{NaT'}

02

2

+

(-{^huo

1/21 \ 1/2

X

03 + X2{

and the Fresnel-Maxwell model
4
ejw(Ai) =

21 V2
2

<"

1+

(«)'

+ 2 oi 1 +

i+te)rir+i

For each, the dimensionless model functions to be applied according to (A.32)
become
$L

^$FM

=

=

eL (A)

tFM (A) -^

The earlier mentioned plots (b) and (c) in each of Figures (4.28) to (4.31) particularly apply the physical law of the Fresnel-Maxwell model w h e n referring to the
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non-linear analysis. The linear empirical and Edward's model functions are to be
dealt with more fully in the discussion chapter to follow.

Error Analysis
N L L S Q analysis was on all occasions effected by the Levenberg-Marquardt (gradientexpansion) algorithm. Seed values for the temperature parameter in particular
were supplied from either the L L S Q estimate, or from trial and error values, according to which ever lead to the true m i n i m u m in the curvature of the parameter
surface of x 2 .
Errors in thefittingparameters are quoted in Tables (4.14-17) and (G.6-13) as
simply oak = Jo%k, the square root of the diagonal terms in the covariance (error)
matrix.

4.4.4 Alternative Verification of MWP Accuracy
Comparative thermometry during incandescent heating was implemented as shown
in Figure (4.32). The load (a uniaxially pressed cylindrical billet of alumina or
zirconia, 2 0 m m in diameter and 2 0 m m high), was centrally positioned within a
container of thermal insulation. T w o small apertures were opened in the container, as shown, to enable both the ratio and multiwavelength pyrometers to view
the target. A standard K-type thermocouple was admitted through the lid of the
thermal-insulating container, and was held securely touching the top of the target
sample by a metal retainer. The K-type thermocouple and ratio pyrometer data
were concurrently recorded on one Labview-driven P C interface while M W P was
conducted on a second separate Labview driven P C . A single colour pyrometer is
not included in this comparative study simply because an absolute, temperaturedependent knowledge of the emissivity of a material is mandatory, for accurate
operation. Even so, a model that was available did not overlap in the upper ex-
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tent of its measurement capability, with the lowest extent of the 2 colour ratio
pyrometer.

Results
The results of the comparative thermometry between the K-type thermocouple,
ratio pyrometer and M W P are summarised in Figure (4.33).

Analysis
An analysis of the data presented in Figure (4.33) is given in Figure (4.34). Here
the results of comparative thermometry are summarised as a function of % difference error versus E-slope setting on the ratio pyrometer. Since the temperature
estimates from the M W P did not vary by more than approximately 3 % from the
thermocouple estimate, its performance is not included in Figure (4.34). The ratio
pyrometer exhibited extreme error (upto 3 0 % ) , depending upon E-slope setting.
For alumina, an E-slope setting of 1.08 was required in order to bring agreement
with the thermocouple estimate. In contrast, for zirconia, an E-slope setting of 1 "
(greybody) afforded the closest reading to the thermocouple.
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Figure 4.32: The experimental arrangement for comparative thermometry during
incandescent (i.e. non-microwave) heating of the target. It represents a similar arrangement to that presented in Fig. (4.27) for derivation of the instrument function
of the multiwavelength pyrometer.
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Figure 4.33: Results of comparative thermometry between the K-type thermocouple, ratio pyrometer and M W P . The values about the plot of the ratio pyrometer
indicate settings made for the emissivity-slope dial. It is noted for alumina that a
grey level, or E-slope = 1.0 setting, does not bring agreement with the thermocouple.
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Figure 4.34: S u m m a r y of the performance of the ratio pyrometer with respect to
the K-type thermocouple for the c o m m o n targets of alumina and zirconia.
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Chapter 5
Discussion
5.1 Dielectric Spectroscopy
Before commencing the discussion proper, a couple of key results are noted here
from the outset.
It is noted that F T I R reflectance spectroscopy immediately makes apparent an
observation that is not accessible to microwave techniques; that is, the reason that
zirconia is a better absorber of microwave energy than alumina . This is evident
because zirconia has a lower-lying polar optic phonon m o d e (~ 150 c m - 1 ) than
alumina (« 385 c m - 1 ) as well as more oscillator energy stored in this lowestlying mode of zirconia. A s a consequence, this low-lying m o d e of zirconia m a y
be driven far earlier and p u m p e d more efficiently than that of alumina, by a high
frequency (v) microwavefield(i.e. 10GHz

< v «

Qj).

That zirconia say, is more lossy than alumina, could until relatively recently
only be explained in terms of the fundamental work of Gurevich et al[76] w h o
effectively extended Neumann's principle (i.e. that the point group character of
a crystal governs its dielectric response function) to photon-phonon interactions.
However, despite a rigorous quantum mechanical basis for generating a propor-
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tional functional dependence of k upon crystal temperature and photon energy,
no a priori information is available as to the actual location of poles (TO phonon
resonances) and zeros ( L O phonon resonances) in the dielectric function.
The second key point to be noted is the apparent inherent sensitivity of the
FPSQ dielectric function to the quality of an F T I R reflectance measurement. This
point is surmised on the basis of its behaviour w h e n isolating KJ in particular. Except for lasing crystals, KJ must be a positive function, so that where it is poorly
behaved with negative going portions, one is forced to consider the quality of the
reflectance measurement. This is often an acute problem w h e n extrapolating the
dielectric function to the lower wavenumbers of the microwave domain. Petzelt et
al have noted this [167] w h e n analysing room temperature F T I R reflectance spectra of polycrystalline perovskites, and have for this reason preferred to proceed by
a classical analysis. However, w h e n extrapolation of the dielectric function is :.L
plied to high quality single crystal reflectance data (as will be done here), switching between + and — in the sign convention in the definition of k = KR ± IKJ
is very infrequent. If this problem is inherent in the model itself, it must lie in
the assumption that dispersion effects m a y be neglected in the self energy term
A w \0j,oj,Tj in the vicinity of phonon resonance frequencies according to the
general treatment of the dielectric function by equation (4.6). If the F P S Q model
is valid then the appropriate application of zirconia and alumina to the F P S Q
model is satisfied, since both zirconia and alumina posses a two phonon density
of states that resembles a broad continuum over the frequency interval of a given
reflectance band, by virtue of having m a n y phonon branches.
The problem is yet to be resolved satisfactorily with respect to deriving the
microwave response from IR measurements, since most effort to date has been
in obtaining optical data and most often only at r o o m temperature. T h e testing
of the extrapolated response of dielectric functions of polycrystalline samples at
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high temperatures, which is the present area of interest, remains quite untouched.
This point was highlighted by Tables (2.2) and (2.3).

5.1.1 General Comments on the Reflectance Spectra and Their
Analysis
It was noted in section (4.3) of chapter 4 that tetragonal zirconia Z r 0 2 , which has
two molecular units per unit cell, has 18 degrees of freedom. According to i
D $ (or P^/nmc) factor group selection rules, 3 IR active T O dipole transitions
are expected, namely A 2 u +2E U [2,166]. Alumina, A 1 2 0 3 , which likewise has two
molecular units per unit cell, has 30 degrees of freedom. According to its Dljd (or
R3c) factor group selection rules, the 3 acoustic modes have A 2 u and 2 E U character representations. The remaining 27 modes are distributed among 18 internal
phonons and 9 T O and L O phonons. For the IR, only dipole transitions A 2 u (z)
and Eu(x,y) are allowed and therefore only 6 T O modes are anticipated[26].
As may be seen from the reflectance spectra of Figures (4.1) and (4.2), all
three expected IR active modes were observed for zirconia, however only five of
the expected six were seen for alumina. This is detailed by comparing the room
temperature spectrum for zirconia with Ref.[166] in Table (5.1) and for alumina
in Table (5.2) with Ref.[26].
When viewing Tables (5.1) and (5.2) in regard to the location of phonon resonances between zirconia and alumina, as well as referring to Tables (4.3) and (4.6)
for the oscillator strengths of modes, the reason for the well k n o w n observation
that zirconia is more lossy (microwave absorbing) than alumina, is m a d e clear.
Being ionic crystals, both zirconia and alumina m a y couple to the electric
vector of incident radiation by a simple one-phonon (reststrahl) absorption mechanism, according to the principles outlined in Chapter 2. A microwave source,
though it may have a frequency that is several orders below those of crystal
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IR active phonon m o d e s of a-alumina
This work
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Table 5.1: In this table "j" number the reflectance bands of which UJT and OJL are
respectively the resonance frequencies of their transverse and longitudinal polar
optic modes. Pol. refers to the orientation of the electric vector of the polarised
light with respect to the optic (c) axis of a single crystal of corundum, and Int. is a
relative measure of strength for the phonon where " m " denotes medium and " w "
weak.
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IR active phonon modes of tetragonal-zirconia
This work (TZ3Y)
wr

OJL

Ref.[166] (undoped)
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[cm"1] [cm- 1 ] [cm" ]
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1
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650(E lu )

Table 5.2: Here table, 7r and Tr have their usual meaning as the damping factors
of W T and OJL respectively. e0 is the estimate of the low energy permittivity and in
this work is estimated at 5.3 and 4.3 in Ref.[166].
phonons (i.e. u < fij), may over many periods progressively pump the lowest lying T O phonon mode, so that source energy is incrementally added to the
crystal. Comparing the room temperature data between Tables (5.1-2) and (4.3,6),
the lowest lying T O phonon m o d e for zirconia is noted to occur at « 230 c m - 1
earlier than that for alumina, a t « 155 c m - 1 . The relative oscillator strength too of
this phonon, being about 26 c m - 2 , is some 200timesgreater than that for alumina.
Thefirstpolar optic m o d e of zirconia is therefore capable of being pumped earlier and more efficiently than that of alumina. This result constitutes experimental
confirmation of the microscopic theory of Gurevich et al[76], w h o on the basis of
group theory, enables one to calculate a proportional power law dependence of intrinsic KI upon crystal temperature and incident radiation frequency. Applying the
results of factor group analysis above to the prescriptions provided in the tables
of ref.[76], one obtains for crystal temperatures T below their respective Debye
temperatures QD, the following proportional power law relations for alumina and
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zirconia:
For alumina with UJ < V (i.e. microwave frequencies), the intrinsic loss would
be:

3

{ T \° u „ . kBT
V 0 D / OJD
HTN

n

( T y OJ
\QDJ OJD

where from Chapter 2, p was the r.m.s. vibrational displacement of a thermally
energised lattice atom with respect to the average inter-atomic distance, and TN =
fium ( T / Q D ) , in which vm was the Debye frequency of the crystal (i.e. the stopband or frequency cut-off above which phonons are evanescent). The frequency
w is in wavenumbers.
For tetragonal zirconia

„ /T y
VQD/

OJ _, ,
UJD

k BT
nTN

( T \° OJ
wD

\@D/

The above intrinsic loss formulations, at low temperature and for low (microwave) frequencies, are not fully factorised. This is done to highlight the cu.
tribution of the 1st s u m term (three quantum processes) and 2nd s u m term (four
quantum processes) to the total intrinsic crystal dielectric loss and are plotted together in Figure (5.1)
In further general c o m m e n t on the reflectance spectra and the ensuing dispersion analysis, two difficulties are noted.
The main difficulty lies in the irregular behaviour of trends in £ljTO (T), iljLO (T),
Iko (T) and jJTO (T) with increasing temperature. In the following discussion
this may be highlighted for alumina at least, with the data from the study by Gervais et al[66], where high temperature reflectivity data, together with its dispersion
analysis, is fortunately available. This provides a source for comparison, as well
as a qualitative guide on the expected thermal behaviour of the dielectric function (since the study of Gervais et al was on single crystal corundum). To the
best of the author's knowledge, no temperature-dependent dispersion analysis of
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Figure 5.1: Theoretical intrinsic dielectric loss of alumina and zirconia at 28 G H z
forT < QD according to the microscopic theory of Gurevich et al[76].
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comparable quality is currently available for either undoped zirconia or T Z 3 Y .
The nearest that could be found was by Liu et all[133] w h o measured infrared
spectra in non-stoichiometric yittria-stabilised zirconia mixed crystals at eleva^ :
temperature. Apart from Fig. (6) in ref. [133] no details of dispersion analysis are
presented, where the burden of the paper is given over to tracing the effects of
added weight percentages of stabilising yittria upon reflectance spectra.
The second difficulty is partially a consequence of thefirst,in that an uncharacteristic behaviour is noted in the temperature-dependent trend of KT (see Figure
5.2), as estimated by direct substitution of the microwave frequency ( c m - 1 ) into
either the T P C or F P S Q models of the dielectric function. This is particularly
noted for the F P S Q model for which negative estimates result! Besides a comparative analysis based upon the dispersion data of Gervais et al, the decreasing
trend of KJ estimates with increasing temperature, as well as the occurrence of
negative estimates, are not to be expected on account of the microscopic theory
just considered above.
Since the secondary difficulty is not dependent upon a particular frequency of
analysis, but rather is the intrinsic consequence of anharmonic coupling among
phonon modes, the reflectance spectra at 28 G H z , will for the sake of argument,
be used as the d u m m y frequency for comparing the results of analysis between
Gervais et al and this thesis, particularly in regard to estimates of «/.
To begin then, plots of QJTO (T) and nJLO (T) and, -yJTO (T) and jJLO (T) from
this thesis, are presented in Figures (5.3a-b), and Figures (5.4a-b), respectively.
Those for Gervais et al for nJTO (T) and ClJLO (T) and, -yJTO (T) and iJLO (T),
follow in Figures (5.5a-b) and (5.6a-b) respectively. Accompanying details of the
dispersion analysis of Gervais et al are given in Table (5.3).
Applying the details of dispersion analysis of Gervais et al to the F P S Q dielectric function, one sees by Figure (5.7) that estimates of KT in single crystal
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Figure 5.2: These plots summarise estimates of KI according to both the F P S Q
and T P C dielectric functions at 28 G H z from Tables (4.9,10). Plots (a) and (b) are
zirconia and alumina respectively.
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Figure 5.3: This figure plots the generally irregular variation of (a) QJT0 (T) and
(b) ftiLO (T) with increasing temperature for alumina, as measured in this thesis
according to the data of Table (4.6).
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temperature for alumina (actually single crystal corundum).
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Transverse Modes
j T[°C] QJTO[cm-1]

Longitudinal Modes

Tirolcm-1] nJLO[cm~l]

jJLO[cm~l]

e ^ = 3.08
-196

386.2

1.4

389.8

1.4

22

384.6

4.8

387.7

4.8

667

375.8

11

378.8

11

1127

364.5

19

368

20

1502

363.7

26

366.8

26

-196

440.2

1.5

482.5

1.4

' 22
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3.8

482

3.2

667
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15.5
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11

1127

420.5

20.2
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19

1502
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31.5
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27.5
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3.2

909

16

22

569.5

7.4

908

23

667

553

19

894

50

1127

541

28
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65

1502

532.5

42.5

875

83

-196
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3.8
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4.4

22
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6.3
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8

667
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19

617.3

21
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600.8

34
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34

1502

591

48
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48

Table 5.3: Dispersion table taken from Gervais et al[66] for best fit parameters to
reflectivity data of the E u type m o d e spectrum of corundum (A1 2 0 3 ).
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Figure 5.7: This figure plots estimates of KI for single crystal corundum at 28 G H z
(0.934 c m - 1 ) according to details of dispersion parameters supplied by Gervais et
al[66].
corundum at 28 GHz (0.934 cm"1), increase with increasing temperature as expected.
Interestingly however, it is seen that two negative estimates of KJ arise in their
data for the first two measurements at -196 °C and 22 °C,
If one proceeds to plot the function «/ (UJ) (as done in Fig. (5.8)), for the
various temperatures at which reflectance spectra were measured, and examines
the low-wavenumber limit in each, then it m a y be seen that negative estimates
arise from a.sign reversal in the convention of the definition of k (UJ) = K R ± IKJ
that happens to be being used. This result was noted in the review and discussion of Chapter 2 to have occurred in the measurements of Petzelt et al[167] w h o
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have made exhaustive room-temperature reflectance measurements of highly processed, polycrystalline, microwave-ceramic powder compacts. They merely noted
the result and instead used the T P C dielectric function to m a k e microwave frequency estimates of Kj. W h a t appears c o m m o n to all these results is a sensitivity
of the F P S Q model to the overall shape or form of a reflectance spectrum, rather
than some fundamental limitation, or error. However, in considering this, it must
still be remembered that the physics of dielectric absorption below 10 to 30 G H z
is properly accounted for by relaxation processes.
It is a matter for further investigation to verify therefore, whether an inherent capability exists in the F P S Q model to reveal a reflectance measurement as
inherently "poor" over s o m e section(s) where complementary transmission measurements are not possible, and perhaps further be used to correct the original
reflectance measurement 1 .
The reflectance measurements of Gervais et al are taken as correct on the account that /c/ is for the most part a well behaved property of both frequency and
temperature. For the measurements m a d e in this thesis for alumina, apart from j =
2 in Figure 5.3, the usual red-shift in phonon resonances with increasing temperature is not consistent. This is most likely to be an indication of the difficulty experienced in consistently choosing o p t i m u m wavenumbers at which to splice the
reflectance spectra measured over the low-wavenumber domain by a G e Bolometer (« 30 to 1010 c m - 1 ) and over the middle w a v e n u m b e r domain by the M C T
detector (« 800 to 6000 c m - 1 ) for building a broadband measurement 2 .
'This is said with the understanding that the Lydanne-Sachs-Teller relation (which is an identity of the Kramers-Krdnig integral), permits negative oscillators, and physically corresponds
to phonon transition being pumped by an external agency as in lasing materials for which
n

ho < n J t 0
Broadband reflectance measurements were initially required for a K K analysis (used to supply

seed values for the least squares analysis), that resolved the dispersion parameters required to fit
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Figure 5.8: Thisfigureexposes the capacity for the F P S Q analysis to incur a sign
reversal in its definition (i.e. + for -, or vise versa in k (OJ) = K R ± IKJ) in the
low-wavenumber limit, that has resulted in estimates of «/ being negative at 28
G H z (0.934 c m - 1 ) for both the author in plot (a) and Gervais et al[66] in plot (b).
It may be reflected in this, that the F P S Q model is at least a qualitative gauge of
the essential "correctness" of a reflectance measurement.
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In particular, the anomalous low reflectances measured at low wavenumbers,
lead directly to low values of the static permittivity e 0 (as well as KR).

This is

demonstrated in the plots of Figure (5.10) in which the results are again compared
against those of Gervais et al.
Plot (a) of Figure (5.10) records R o estimated at 1 0 c m - 1 from the tempera iii,.varying KR functions plotted in Figure (5.9).
Plot (b) of Figure (5.10) traces the temperature-variation in the plasma frequency UJ2 = e 0 — Coo which ought to be an increasing function of temperature.
The data of Gervais et al are physically consistent in this parameter. T h e consequence of this not holding for reflectances measured here is that estimates of «/
according to
KI = KR^2 * an 5j
j

are that any' increase is progressively suppressed or held near constant (see Table (4.11)). Values of KI were alternatively calculated in this manner in order
to eliminate contributions from negative oscillators that have arisen from fitting
reflectance spectra with the F P S Q dielectric function.
Though the bulk of the discussion has been for alumina (since similarly detailed dispersion studies of zirconia reflectance spectra as a function of tempe, ature are scarce - Liu et all[133] being an exception to s o m e extent), m a n y of
the difficulties outlined will apply equally to zirconia, particularly in regard to
"eye-ball" splicing spectra in the overlapping w a v e n u m b e r interval where the G e
Bolometer spectra end and those of the M C T begin.
One piece of information from Liu et al that possibly contributes to the discussion on zirconia is that temperature-varying reflectance spectra from roomthe measured reflectance. As noted in the opening sections of Chapter 4, T O and L O phonon
parameters of Clj, 'yj and A j were respectively obtained by visual inspection of peaks in the
functions m(u) and it reciprocal r)i(u).
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251

0.3 j
0.25 f
0.2
0? 0.15
0.1
O This thesis
# Gervais et al

0.05

500

(a)
1000

1500

2000

Temperature [°C]

8

(b)

7
6 -•"

-* 5
w 4 ..
u
~a 3
© This thesis
• Gervais et al

500

1000

1500

2000

Temperature [°C]
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temperature to 1003 °C, recorded for 12 w t % yittria in zirconia, (qualitatively)
indicate the low-wavenumber reflectance to be at least constant at « 0.5. It is
assumed that such behaviour should be true for T Z 3 Y so that the general considerations which have arisen from discussing alumina, would similarly apply to any
physical inconsistencies in the reflectance spectra of zirconia.
Apart from errors expected from uncertainty in splicing spectra, all reasonable precautions were taken during measurement to ensure reproducible and identical location of samples and reflectance standards, as well as maintaining optical
alignment or" the face of the samples during high-temperature reflectance measurements. This was effected by using the thermocouple to brace the sample in the cup
of the heater. The reason for the reflectivity being low at low wavenumbers is still
unclear3.
To somehow test for error in infrared measurement, initial trial attempts were
made in trying to use the knowledge that KI(UJ) be a positive function for these
(non-lasing) materials, to correct the reflectance spectra that have dielectric functions as plotted in Figure (5.8a) in which negative going portions occur. For want
of time, this must be carried over as future work.
3

It is worth reiterating here from section (3.1.1) of Chapter 3, in regard to the operation of

the B o m e m interferometer that infrared radiance from the heated reflectance sample does not
contribute to the detector signal, since only audio-frequency modulated light is amplified prior to
DSP. Only the infrared energy of the diagnostic B o m e m source is designed to traverse the optical
path of the interferometer. Construction of the interferogram requires amplifying the detector
signal using a bandpassfilter,with the upper limit of the stop band set by the Nyquist condition
to avoid aliasing, while the lower stop band is set to eliminate slow ripples in the source intensity
which fall below the lower limit of the passband[74, p43]. T h e measured interferogram is then the
A C component of the signal and forms the argument of the inverse Fourier Cosine transform.
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5.1.2 Assessment of microwave frequency k estimates at 2.45
G H z from IR reflectance spectra
The plots of Figures (4.3,4) of Chapter 4, are re-grouped here in Figures (5.11,12)
to give a combined picture of microwave frequency estimates of k = K R ± iKi
at (or near) 2.45GHz, from the microwave frequency techniques of the coaxial
probe and resonant cavity and those from an extrapolated analysis of infra] e i
measurements using the T P C and F P S Q models of the dielectric function.
A couple of points are noted from Figures (4.3) and (5.11). Firstly, in comparing the plots of K R ( T ) for zirconia according to the resonant cavity technique,
and the plots (b) of Fig. (5.11) and (a) of Fig. (4.3), a factor difference of approximately 3 to 4 exists. This is due to the use by the author of an accepted value of
5.80 for the theoretical density used in equation (4.3)

m + Rp — 1
[
RP-1

K=

in place of the anomalous 2.45 that was used by Dr. Greenacre when measurements were made at Nottingham. Such a correction results in an adjustment that
brings the estimate of KR into more reasonable agreement with contemporary
measurements (of « 30 at room temperature to « 40 at 1000 °C), as are reported
say in the comparative dielectric study of[31].
Secondly, in plot (a) of Figure (4.4) and (5.11), the coaxial probe estimate for
KR(T) is low by about a factor of 2. In Figure (5.12a) however, a more serious difference occurs where KI estimates decrease with increasing temperature after 600
°C and continue to go negative. The particular details of the analysis were not included with the raw and processed data by the Nottingham group, as they were for
the resonant cavity, so that no further investigation could be m a d e as to the source
of the error. Comparing the history of k measurements m a d e on alumina by this
group (as say is reported in the comparative study noted above), shows them to be
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in good agreement with measurements reported elsewhere. The disparity here is
more likely due to a sample defect, such as the face prepared for measurement not
being within the tolerance forflatness.Even so, the trends of KR (obtained from
microwave techniques), with increasing temperature, is characteristically well behaved (if only off-set). A n appreciation of h o w these results compare with a joint
measurement programme reported by Batt etal[31] are shown in Figures (5.13,14)
for alumina and zirconia respectively.

Expectations From Classical and Microscopic Dielectric Theory
When one considers the low frequency (u < Clj) response of the T P C dielectric
function
«R

~ eo - Coo = 5 3 Aei 02
j

ll

i

and

it is seen that the classical oscillator model describes an essentially dispersion
KR and, KI proportional to the radiation frequency u.
Since the F P S Q model only corrects the classical model with respect to the
high frequency longitudinal modes, the two are expected to yield identical low
frequency (UJ < fljTO) estimates of KI(UJ) [235].
From earlier in this chapter, the microscopic theory lead to intrinsic estimates
m to be:
/ T \ 3 cu

\QDJ

kBT
HTN +

UJD

T y ___

HI

J UJD

for alumina, and
/ T \ 3 UJ
K/<x2/z[—
— r

\QD/

kRT
HT N + 2

UJD

for zirconia.
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It is seen that a consistent expectation of Ki OC UJ, occurs. In fact such a result
has been predicted to hold for all centrosymmetric crystals[76]4.
Since one expects from the behaviour of the T P C and F P S Q analyses in the
low-wavenumber limit, that KR be essentially dispersionless and «/ to be proportional to the w a v e n u m b e r UJ, a measure of the validity of using these dielectric
functions to estimate k at microwave frequencies, has been to compare the quantity QOJ, where Q = KR/KI

is the quality factor of the dielectric.

As a result of applying this QUJ test between the results of dielectric measurements at« 2.45 G H z by the resonant cavity and coaxial probe techniques, and the
TPC and F P S Q k models at 0.082 c m " 1 (2.45 G H z ) , Table (5.4) is compiled .,
the data of Figures (5.11) and (5.12) and Tables (4.8-11).
It is unfortunate that F P S Q and T P C estimates of KR at 2.45 G H z as shown in
Figures (5.11,12), have an inexplicable d o w n w a r d trend with increasing temperature. In the vein of similar analysis by Kudesia et al[123], Petzelt et al[168]and
Zurmuhlen et al[235, 234], Table (5.4) together with Figures (5.11,12) m a y be
indicating that KR estimates, extrapolated from infrared measurements, are in the
vicinity of correct order of magnitude, and perhaps indicate the expectation from
the dielectric functions that its behaviour is dispersionless. Extrapolated estimates
of m however, are seen not to be proportional to frequency. F r o m Table (5.4) the
quantity QOJ for microwave and extrapolated infrared estimates for alumina differs by 3 to 4 orders of magnitude. Disparity in QOJ for zirconia is a little less at
« 2 orders of magnitude.
4

A note of caution however is that, on theoretical grounds, no agreement in the extrapolated

estimate of intrinsic losses is to be expected between the microscopic analysis and the TPC and
FPSQ analyses. In the microscopic model only special two-phonon absorption processes, close
to lines of degeneracy of phonon branches, are operative at microwave frequencies, whereas twophonon decay and coalescence processes throughout the Brillouin Zone, are operative near polar
phonon resonances, and govern their damping [167, 207]
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QOJ ( W = 0.082 c m _ 0
Microwave Measurements
T[°C] Res. Cav.
alumina

TZ3Y

FTIR Reflectance

Coax. Probe

TPC

FPSQ

25

-

9

58904

76738

374

-

3

28970

38427

686

5

3

15698

26213

862

3

-0.7

11723

8453

27

16

4

597

558

85

16

4

553

558

170

9

5

536

501

296

7

6

501

544

356

5

7

461

565

554

2

1

907

535

709

1

1

1131
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Table 5.4: This table presents an examination of the expectation that « 7 be proportional to wavenumber by measuring the quantity QOJ.HKR

is dispersionless, then

there should be a measure of agreement in QOJ for the four sources of estimation
of k. In this a test of the essential correctness for extrapolating k from the infrared
to the microwave domain is provided.
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The disparity in the «/ results has been exacerbated by the experimental errors
that have been noted to exist in both microwave and infrared measurements. The
high QOJ values from infrared measurements can be partly attributed to the falling
KR

, and the consequently diminishing Ki = KRY,J

tan^- values. O n the side

of microwave measurements, the contribution by extrinsic losses significantly increase KI and so reduce the QUJ5. This is the key difference in the study of Petzei.t
etal[169,170,167] andTagantsev[207].
They were particular in experimenting with microwave ceramic that had been
well processed to remove sources of extrinsic loss (most notably porosity), in
order to examine the weaker contribution of intrinsic loss factors at microwave
frequencies.
There were concerned to k n o w whether estimates of intrinsic loss, extrapolated from infrared measurements, could give any indication of the intrinsic loss
value at microwave frequencies (the lowest considered being 5 G H z ) . T h e experiments they performed were mostly done at r o o m temperature and for ceramics
within structural family types in which they could control the variation of KR and
examine the functional dependence KI(KR).

For ceramics with moderate real per-

mittivity (~ 20 < KR < ~ 70), the proportionality KI oc OJ was confirmed to a
correct order of magnitude with uncertainty in KR being ± 5 % and in KT > ± 3 0 .
For the work here, one m a y refer back to Table (4.8) for the more well behaved
case of zirconia, and note similar uncertainties to hold.
As it happened, the experimental methods a m o n g the group at Nottingham
University involved sample preparation methods that did not especially seek to
minimise extrinsic sources of loss. This too m a y account for the wide degree of
5

i.e. where glassy phases and porosity are not minimised, dielectric loss may arise from dc con-

ductivity and interfacial polarisation (which dominate at low frequencies and high temperatures),
and localised hopping of charged defects, such as vacancies or impurities. These loss mechanisms
are reviewed in Appendix A.l.

262

scatter for the joint p r o g r a m m e ^ 1] of comparative loss measurements in Figures
(5.13,14) above, particularly in alumina.
Sample preparation for the resonant cavity simply involved pouring powder
down a quartz tube that was 4 m m in diameter, and packing d o w n as m u c h as
possible to make up a length in the middle of the tube that was about 37 m m in
length (i.e. the height dimension of the resonant cavity). For the coaxial probe,
samples were prepared by sintering, followed by grinding and polishing of one
face, so that air gaps could be removed when it was eventually clamped flat to
theterminationof the coaxial transmission line. N o particular demand was placed
upon sintering the sample to > 99.5% theoretical density, so that porosity would
be a factor in the ultimate KI estimate.

5.1.3 Assessment of microwave frequency k estimates at 28 GHz
from IR reflectance spectra
The results of T P C and F P S Q estimates of k at 28 G H z are summarised here in
Figures (5.15,16) from Tables (4.10-12). Figure (5.15) plots estimates of KR for
alumina (a) and zirconia (b). Figure (5.16) does similarly for estimates of KI.
From Figure (5.15) one sees that the T P C and F P S Q models give close agreement in KR estimates, with alumina proving, as at 2.45 G H z , the most difficult to
estimate accurately. (This has also been the experience of others[31]). M u c h the
same may be said for estimates of KI, except that the F P S Q model departs from
the TPC model, and suggests an increase with increasing temperature, though with
increased uncertainty.
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Figure 5.15:' Comparison of KR estimates for alumina (plot a) and zirconia (plot
b) at 28 G H z between the F P S Q and T P C models of the dielectric function. N o
microwave estimates were available from the coaxial probe and resonant cavity
microwave techniques.
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Attempted verification of KI(T) at 28 G H z
The following analysis was only possible for zirconia, because the site license
of the software H F S S (to be described below) expired before alumina could be
studied.
As highlighted in Tables (2.2) and (2.3) that c o m m e n c e section (2.5) of the
literature review, apart from H o [89], next to no dedicated dielectric measurements
have been made on engineering ceramics at the higher microwave frequencies
>10 G H z , let alone at elevated temperatures approaching or exceeding 1000°C.
This is largely an indication both of the considerable experimental difficulty to
do so accurately, as well as the lack of need. The need however is beginning to
become apparent with a number of commercial and research facilities (see Chapter
3) now operating high frequency-high power microwave sources.
To date the most reliable and physically insightful dielectric measurement
technique at these frequencies has been reflection/transmission spectroscopy using a B W O tunable m m microwave source. Dielectric measurements with this
(uncommon) apparatus permit a very accurate extrapolation of the dielectric function to c m microwave frequencies using well based power laws (Chapter 2).
Besides B W O interferometric techniques, there is the use of the (vector/scalar)
network analyser. Their measurement range is being progressively extended to
high frequencies. However the adaptability of resonant or probe techniques for
very high temperature dielectric spectroscopy is very limited. Elaborate compensation for thermal effects during measurement are required. N o n e are required for
B W O spectroscopy. The issues of dielectric measurement and sample heating are
concerns that are easily treated separately.
Without the luxury of ready access to B W O apparatus (and the gap in B W O
data covering engineering ceramics), or of network analysers, an attempt was
made to assess the accuracy of dielectric loss estimates at 28 G H z from a ther-

266

modynamic analysis from microwave sintering experiments and through the measurement of the forward and reflected power of the Gyrotron microwave source
(while incorporating radiation power loss from the hot dielectric and skin loss in
the stainless steel wall of the cavity).
Use m a y be m a d e of the approximate power relation
P = 2nue0KiE2msV

AT
= PCp(T)—

(5.1)

where V is the volume [m 3 ] of the dielectric, E2ma, the rms electric field strength
within the dielectric [ V . m - 1 ] , v, the frequency of the radiation, p, the density of
the dielectric, c p (T) the heat capacity and AT/At

the rate of heating. N o radiative

energy loss expression appears on therighthand side of the equality in (5.1) since
the sample was enclosed within a thermal insulating box of light-weight ceramic
board, effectively behaving as a blackbody cavity (its only opening being for pyrometry). Following this attempt to gauge the accuracy of «/ at 2 8 G H z through
measurement of AT/At,

an alternative in measuring microwave reflected power

is described in which power loss by radiation is explicitly factored in.
Equation (5.1) m a y be re-arranged for AT/At

such that

The rate of rise in temperature for a given fixed power input, can be compared
with that theoretically estimated from (5.2).
In seeking to implement (5.2), ETms

must be estimated from electromagnetic

field modelling of the loaded microwave cavity using the software H F S S 6 . Inputs
to the code are the Gyrotron forward power [ W ] , the relative permittivity KR and
tanrfof the dielectric and, the electrical conductivity of the metal of the vessel
[S.m-1]. The material parameters KR and tan 8, have of course been supplied from
6

HFSS - High Frequency Structure Simulator: Commercial software of Hewlett-Packard de-

signed for waveguide and antenna structures
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FPSQ dispersion analysis of appropriate reflectance spectra. The temperature of a
sample during H F S S analysis is effectively accounted for in the values of KR and
tand.
To test this, plots (a) and (b) in Figure (5.17) respectively show the experimental record for zirconia of the forward and reflected power, and associated rate of
rise of temperature, on a c o m m o n time base.
From these plot the following table is derived of average thermal gradients
over the period that forward microwave power is held at a fixed level. The average
thermal gradient heading a table column is calculated from

K

At) Kti-t0)

where To is taken as the initial temperature of the sample at the commencement
of a given power level at time t0. Ti are the successively recorded temperatures
from then on at times U.

P„[kW] time interval At [mins.] (S)[°C.sec-1]
0.95

21-24

0.243 ± 0.034

1.18

25-29

0.233 ± 0.041

1.14

30-34

0.194 ±0.036

1.62

36-38

0.184 ±0.049

1.82

40-45

0.229 ± 0.045

2.00

46-48

0.144 ±0.041

Table 5.5: This table is drawn from Figure (5.17).

With the following inputs to HFSS of o = 1.39 x IO7 S.m-1 for the electrica
conductivity of stainless steel ss304, conservative general estimates using Table
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Figure 5.17: Plots (a) and (b) respectively trace the forward and reflected power
requirements, and the associated rate ofriseof temperature, for a 50g cylindrical
billet (0 0.030m X 0.030m) of zirconia housed within a container of low-weight,
fibres boards of alurnina insulation.
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(4.11) of KR = 37 and tan 8 = 0.0017 7, and forward powers P 0 of 3 2 5 W initially
and 3 2 5 0 Wfinally(which were typical of P 0 s during heating), the peak electric
field E 0 in the dielectric would vary respectively from 2.194 x 10 4 to 6.9557 x IO 4
V.m_1. Assuming a near linear variation of E Q with P 0 , E 0 for the intermediate
listed powers in Table (5.5) m a y be determined according to the fit
E0(P) = 16684.4+16.1987 (P)V.m- 1
Finally, with the volume shrinkage of the zirconia sample approximated by
V(T) = 1.35 x IO" 5 - 4.77 x 1 ( T 9 T m 3
and the variation of heat capacity with temperature given by[205]
CP(T) = -980.239 - 0.1997497/+ 266.186 logT J.kg-^K" 1
the thermal gradient AT/At

m a y be estimated from (5.2). Table (5.3) summarises

these results.
As may be seen from Table (5.6) the theoretical temperature gradients are
down on experimental temperature gradients by three orders of magnitude; and
in view of the proportionality of «/ to AT/At

from

(5.2), this implies extrapo-

lated estimates of KI from F P S Q dispersion analysis of FTIR-reflectance spectra
are also low by three order of magnitude. But it is to be remembered that the
extrapolated estimate of KI from the F P S Q analysis can only effectively yield an
intrinsic value. The curve AT/At

of Figure (5.17b) was for a green compact in

the initial stages of heating to a temperature of « 1200°C on that occasion, so that
porosity would be expected to contribute a dominating extrinsic loss component
to the total loss. To show this, AT/At

was measured on a specimen that had been

sintered at 1400 °C for one hour. T h e heating curve is shown in Figure (5.18b)
'From Table (4.11) these values are relatively constant from about 100°C to 500°C. There
product at the listed temperatures led to a consistent estimate of «/ being about 0.06.
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P0

f

E 0 (P)

B2rms

C P (T)

[kW] [°C] [V-m-1] [V 2 .m- 2 ]xlQ 8

p(T)

%

[J.kg'1.^-1] [kg.m-3] [cC.sec-]

0.95

669

19461

5.2873

654

4837

0.171

1.18

728

20136

6.4126

659

4972

0.193

1.40

784

20778

7.5810

662

5108

0.213

1.62

846

21488

8.9885

665

5266

0.235

1.82

916

22290

10.072

667

5458

0.258

2.00

972

22931

12.222

668

5622

0.275

Tahlp S 6-Tis the mean te mnerature for a piven nower stittinpand E.

with its corresponding analysis in Table (5.7) and (5.8). In comparing

- Eo{P)

AT/At

columns between Table (5.7) and (5.8) it can now be seen that the gap between
them has reduced by an order of magnitude, indicating that the reduction in porosity has reduced extrinsic losses with respect to intrinsic. In the spirit of malcirg
only a qualitative analysis of the F P S Q results at 28 G H z , no error analysis has
been incorporated into Tables (5.6,8).

P 0 [kW] time interval A t [mins.] (^["Csec" 1 ]

1.3

125- •145

0.086 ± 0.043

1.7

160 -200

0.050 ± 0.034

2.1

220--240

0.026 ± 0.087

2.4

270- -290

0.006 ± 0.027

Table 5.7: This table is drawn from Figure (5.18).
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Figure 5.18: Plots (a) and (b) respectively trace the forward and reflected power
requirements, and the associated rate ofriseof temperature, for a 50g cylindrical
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Po

f

E 0 (P)

E2ms

C P (T)

[kW]

[°C]

[V.m- 1 ]

[V 2 .m- 2 ]xlQ 8

[Ikg-^C-1]

1.3

1014

26545

7.0465

688

5700

0.0002

1.7

1162

31427

9.8766

688

5700

0.0002

2.1

1302

36045

12.300

688

5700

0.0003

2.4

1394

39080

15.527

688

5700

0.0003

p(T)

^

[kg.m-3] ["C.sec-1]

Table 5.8: As for Table (5.6), T is the mean temperature for a given power setting
and ETms = ~ / p - Q>(T) and p(T) are constant since the new temperature range
over which ^ j has been measured, has not exceeded the sintering temperature of
1400 °C for this sample.
Besides the KJ that was submitted to HFSS being an intrinsic value, disparity in A T / A t arise from other sources of disparity in (5.2). A main one is in
knowing Eo, since the temperature-dependent variation in sample volume ma;, >
readily measured and accurate measurements of C p have been published. C o m putation of E Q presently places version 6.0.1 of H F S S at the limits of its ability.
The computation is difficult for reasons of the short source wavelength relative
to the dimensions of the cavity (« 1:100). In order for the problem to be soluble symmetry planes are imposed to reduce the computational space. Even with
this, only one adaptive pass is presently permitted w h e n solving Maxwell's equation over the nodes and vertices of the tetrahedra that mesh the cavity volume. In
short, absolute certainty cannot be placed in the estimate made for E 0 within the
dielectric.
One other avenue for investigating the order of magnitude accuracy of KI estimates from FTTR-reflectance analysis, is to estimate the amount of microwave
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reflected power P r from the dielectric according to

Pa = P0-Pr-Ps-PL

(53)

where P, = R8f J] • dA is the amount of power absorbed in the wall of the
microwave cavity from the microwavefield(with Rs being the wall resistance(fi)
and J, the surface current density.) and PL = eoBT4

is the radiated power loss

at temperature T [K]. e and oB have their usual meaning of emissivity and the
Stefan-Boltzmann radiation constant.
Here the intention is to again use E 0 in (5.1) to estimate Pa and Ps and so solve
for Pr. e in PL m a y be determined from high temperature reflectance srxctr: '
e = 1 - \fRoo where R^ is the reflectance at high energy (K, 6000 c m - 1 ) and
from the plots of reflectance spectra in Chapter4 is about 0.25.
Applying equations (5.1) and (5.3), Table (5.8) is generated. In applying terms
in (5.3), care has been taken to incorporate a temperature dependence into all
dimensional terms. Temperature dependence in density (and volume and surface
area) of the sample have beenfittedaccording to a simplefirstorder polynomial,
while C P (T) has been accounted for as previously noted8
From Table (5.9), theoretical P r is noted to increase with increasing temperature, consistent with experimental measurement. N o w with an input of AC/ = 0.1
say, subsequent re-calculation of P 0 in Table (5.10) leads to the s u m Passes =
Pa + Ps + PL yielding a lesser difference from P 0 to give a theoretical P r to be
within a general factor agreement of 2 to 3. In substituting 0.1 for 0.06, for KT,
it is reasonably assumed electric field strengths within the dielectric will nt.t'
orders of magnitude in difference. A value of /c7 « 0.1 places the high temperaB

Green body dimensions of diameter tp — 0.030m and height h = 0.019m, and sintered dimen-

sions of <j> = 0.0235m andft= 0.018m, give a dimensional variation in volume and surface area
respectively of 1.35256 x IO" 5 - 4.7653 x 10~ 9 and 2TT(1.50551 - 2.75424 x 10-6T)(3.40712 x
10~2 - 2.75424 x 10" 6 T).
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T

Po

P«

P,

PL

P0+PS+PL

P r (Theory)

Pr(Exp.)

[°C] [kW]

[kW]

[kW]

[kW]

[kW]

[kW]

[kW]

669

0.95

0.511

0.010

0.060

0.580

0.370

0.020

728

1.18

0.603

0.008

0.075

0.686

0.494

0.020

784

1.40

0.694 0.007

0.092

0.792

0.608

0.020

846

1.62

0.798

0.006

0.113

0.916

0.704

0.020

916

1.82

0.918

0.004 0.141

1.063

0.757

0.030

972

2.00

1.016 0.003

1.185

0.815

0.050

0.166

Table 5.9: Shown in this table are theoretical calculations of power absorbed by
the dielectric, power radiated from the dielectric and radiation power absorbed
in the skin of the vessel. The approximate order of magnitude difference between theoretical and experimental values of reflected power indicate that KI(T)
estimates from FTIR-reflectance spectroscopy m a y be less in error than H F S S estimations of E 0 , given that experimental P r is measured from a duel directional
coupler in the microwave transmission line which has an estimated accuracy of
±30%.
ture estimate of loss at « 0.6 to be low by about 40%. This may be a reasonable
percentage for the contribution of intrinsic losses to the total loss at this higher
microwavefrequency.If this could be performed with more precision, one might
have a means for tracking the temperature variation of the contribution of the
extrinsic losses to the total loss, as the sample becomes denser with increasing
temperature. Just such a capability was sought by Petzelt et al[167] for isolating
the specific effect of extrinsic losses in their microwave experiments
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f

Po

Pa

P*

PL

P0+P,+PL

Pr(Theory)

Pr(Exp.)

[°C] [kW] [kW]

[kW]

[kW]

[kW]

[kW]

[kW]

669

0.95

0.843

0.010 0.060

0.912

0.038

0.020

728

1.18

0.995 0.008 0.075

1.077

0.103

0.020

784

1.40

1.145 0.007 0.092

1.243

0.157

0.020

846

1.62

1.316 0.006 0.113

1.434

0.186

0.020

916

1.82

1.515 0.004 0.141

1.660

0.160

0.030

972

2.00

1.676 0.003 0.166

1.846

0.155

0.050

Table 5.10: This table has been included to show the difference introduced b
increasing «j by about 4 0 % (subject to the assumption that electricfieldstrengths
within the dielectric will not have changed significantly). Theoretical estimates of
Pr are brought to within a factor of 2 to 3 of the experimental P r which itself has
an uncertainty of ± 3 0 % .

5.2 Comparative thermometry of microwave-heated
engineering ceramics

A B-type thermocouple, a two colour ratio (2A) pyrometer and a multiwaveleng
pyrometer ( M W P ) served as thermometers for the four engineering ceramic samples, A1 2 0 3 , 5 w t % T Z 3 Y in A 1 2 0 3 , 10 w t % T Z 3 Y in A1 2 0 3 , and TZ3Y, heated
by cm-wavelength (28 G H z ) microwave energy.
The accuracy of the B-type thermocouples was established by an independent
calibration, traceable to the national standard. Each had the twofold task of providing a comparative standard for assessing the performance of the 2X pyrometer
and the M W P , and of providing the PID control signal to the Gyrotron. Since the
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accumulated operating lifetime of each thermocouple was less than thirty hours
over the course of the experiments, it was reasonably assumed that the accuracy
of each control thermocouple would not have significantly deteriorated (from poisoning, say), so as to be of concern.
Multiwavelength pyrometry per se, has already been discussed in the literature review, so that the purpose of this discussion is to analyse the accuracy and
general performance of multiwavelength pyrometry w h e n applied to thermometry
of microwave-heated engineering ceramics.
The discussion will also analyse the performance of the more traditional 2X
pyrometer in comparison to the M W P . This will be seen to bear significantly upon
the proper use of the 2X pyrometer w h e n dealing with ceramic materials, particularly in view of the fact that published measurements are very rare (even of
ceramic reflectivities), since metals are almost exclusively the subject of measurement by the2A pyrometer.
To this end, the analysis has included tests of emissivity models conventionally applied to metals, to observe the degree of applicability these might have to
ceramics. These are most c o m m o n l y of a purely mathematical or empirical form,
such as the linear model, or more fundamental, such as the Edward's model which
is constructed from the Drude model of the dielectric function of a metal.
To recap, the results, and analysis of results, m a y be summarized in the radiance fits of the representative spectra displayed in Figures (5.19) to (5.22).
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5.2.1 Performance analysis of multiwavelength pyrometry
The Fresnel-Maxwell ( F M ) emissivity model
The accuracy of M W P , particularly w h e n employing the F M (normal) spectral
emissivity model

4

2 1+

\

*(\A+ (£)'-")
2

<W (») + 2 a i (v / l + (^) 2 + 1 ) + 1

is higher (generally « 2 % error) than that quoted for the 2A pyrometer (« 5 % error) when compared to the B-type thermocouple (see figure (5.36)). This is shown
in Figs. (5.23) and (5.24) for the M W P , in which the temperature estimates are
extracted from Figs. (4.23) and (4.24) are plotted. Occasionally, a statistical uncertainty greater than w 2 % , is due to the fitting routinefindingparticular difficulty
with a more noisy (lumpy) than usual radiance spectrum. Estimation of temperature is made even more difficult by the inevitable convolution of the radiance
from several temperatures that the target surface m a y have had during the time of
the radiance scan. The low temperature estimate at times from the M W P , compared with the thermocouple (e.g. for instances of measurement between 80 and
100 minutes in Fig. (5.23a)) and the otherwise erratic readings, are an indication
of the actual surface temperaturefluctuationsto which a pyrometer is sensitive.
Thermocouple reading are inherently stabilized againstfluctuationin temperature
estimates by the thermal inertia of the sample.
Associated estimates of the normal spectral emissivity are summarised from
the results in Figure (5.25) for the representative spectra of the four sample types
The functional basis of the F M emissivity model isrigorouslyderived frw^.
electromagneticfieldtheory applied to the description of electric field propagation
upon its incidence on a lossy m e d i u m (i.e. KI(UJ) > 0). The magnitude of loss is
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Figure 5.19: Summary of radiancefitsand emissivity estimates for A 1 2 0 3
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Figure 5.21: Summary of radiance fits and emissivity estimates for 10 w t % T Z 3 Y
in A1 2 0 3 .
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Figure 5.22: Summary of radiance fits and emissivity estimates for T Z 3 Y
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Figure 5.23: Temperature estimates by the B-type thermocouple and M W P employing the Fresnel-Maxwell emissivity model are displayed in plot (a) for A 1 2 0 3
and plot (b) for 5 wt% TZ3Y in A1203.
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Figure 5.24: Temperature estimates by the B-type thermocouple and M W P employing the Fresnel-Maxwell emissivity model are displayed in plot (a) for 10
wt% TZ3Y in A 1 2 0 3 and plot (b) for TZ3Y.
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Figure 5.25: Thisfiguredisplays the normal spectral estimate of emissivity according to the Fresnel-Maxwell model from representative radiometric spectra
recorded from each of the four samples types maintained at 1000°C.
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considered to be that for materials having a poor electrical conductivity (i.e. nonmetals, to which the Drude theory of material response in inappropriate). Great
versatility is invested in the F M model by leaving thefittingcoefficients a x and
a2 loosely constrained, so that it is able to deal with a wide range of dielectric
character in «/.
The Fresnel formulae are
.

. iil

cos(9) -mcos(9')

and
11 =

yH

r

\\

==

mcos(9)-cos(9')
mcos(9)+cos(9')

(5-6)

where f±t\\ are the complex amplitude reflection coefficients for the perpendicular
and parallel polarisations of E with respect to the plane of incidence 9, 0_qi are
complex angles that describe the phase shift incurred by the incident v ,
angle 9) upon reflection, and m as before, is the complex refractive index m =
n ± ik.
The reflectance is derived 10 from r_y| to be
(cos O-Frf + F2
(cos0 + F i ) 2 + F 2 2
'The plane of incidence is defined to contain the wavevector of the incident signal and the unit
normal vector of the dielectric surface
l0
For continuity of the discussion with the previous section, R±i y have been defined in terms
of the more fundamental dielectric function k (A) = KR (A) + t«/ (A), k (A) and m (A), the
complex refractive index, are related through the phase velocity vph of a signal in the dielectric,
ra, i.e. vph = SRl/Veo«eMo«m = c/y/KeKm = c/m, where « e and Km are respectively the
complex dielectric permittivity and magnetic permeability of m. With the reasonable assumption
*at «Tro = 0, m = V^e = n + ik -• Ke = KR + im = m 2 = (n + ik)2 = (n2 -fc2)+ i2nk.
Therefore, KR = n2 - k2 and Kl = 2nk, and inversely, n = Jl/2 ^K2R
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+ kj + «*) and

where
tan <f>j_ =

2 F 2 cos 9
2

F + F2-cos29,

and
2

r

Ru = ll

_

(KR
(KR

(A) cos 9 - Fx)2 +
(A) cos 9 + F{)2 +

(KI
(KT

(A) cos 9 - F2)2
(A) cos 9 + F2f

(5.8)

where
tan</>|| = 2cosfl-

KI(X)F1-KR(X)F2

(*h (A) + Kj (A))2 - (F2 + F2)

The factors F\ and F2 are respectively given by
F2=U \K2 (X) + (KR (A) - sin2 fl)2] ^ + (KR (A) - sin2 9) \

and
l
2
2
2 V2
2
F22=, - | \K (A) + (KR (A) - sin fl) ] - ( « H (A) - sin fl)

Even thin sections (on the order of microns), the engineering ceramics studied
were essentially opaque over optical and infrared wavelengths. This was discovered while attempting to perform the desired complementary transmission measurements for refractive index analysis. Therefore, applying the limit n2 — k2 » 1
( KR (A) » 1) to (5.7) and (5.8) so that Fx « n and F2 « k , the reflectances become

R± =
R\\ =

(n - cos 9)2 + k2
(n + cos 9)2 + k2
(n-l/cos9)2
+ k2
(n+l/cosfl) 2 + A;2

(5.9)
(5.10)

In this limit, and in measuring unpolarised irradiance, the complementary
emissivity is

e(A,g) =1 -^j = 1 _W) + W
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so that
e± =

An cos fl
cos fl + 2ncosfl + n 2 + fc2
2

and
4n cos 9
en = (n2 + k2) cos2fl+ 2n cosfl+ 1
For experimental practicality and analytic simplicity, the normal, spectral, specular emissivity is measured so that
e(X) =

An

(5.H)

(n + l) 2 + fc2

Least squares analysis proceeds upon the A-dependence of (5.11), in which
1/2

1/2

KR

n

=

2

and

+1

1 + (-)

1/2

2\V2

* = <f

-1

1 + (-)

are equivalently rendered[47,189]
1/2

1/2

n

=

< ai

•v 1/2

1/2
fc

=

«i

Ua,

and

+1

U2,

-1

>

where
0l

= - 2 -

anda2 = ^ ^ -

In 01, /ce, «Tm and c are respectively the complex permittivity, complex permeability and speed of light in vacuum, and in a2, o is the electrical conductivity.
A quantitative measure of the performance (and appropriateness) of the F M
emissivity model is directly provided by the error matrix of the best fit of
model function to the experimental radiance spectrum. The error matrix for the
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representative spectra of A1 2 0 3 , 5 w t % T Z 3 Y in A1 2 0 3 , 10 w t % T Z 3 Y in A 1 2 0 3
andTZ3Yare:
/
^2
—
Al203 ~

a

4.351 x IO 4

-1.105 x 10~ 9

3.136 x IO3

-1.126 x IO" 9

2.803 x IO" 23

-7.960 x IO" 11

3.136 x IO 3

-7.960 x IO" 11

2.273 x IO2

QzwffoTZSY-.AhOs

I
a

10wt%TZ3Y:Al2O3 ~

6.123 x IO4

-1.356 x IO" 9

5.301 x IO3

-1.356 x 10"

3.002 x IO" 23

1.174 x IO" 10

5.301 x IO3

-1.174 x IO" 10

4.616 x IO2

1.235 x IO5

-3.362 x 10~ 9

7.882 x IO3

-3.362 x IO - 9

9.155 x IO - 2 3

-2.146 x IO" 10

-2.146 x 10~ 10

5.058 x IO2

^ 7.882 x IO 3

'TZSY

>

1.534 x IO5

-4.211 x IO" 9

9.669 x IO3

-4.211 x IO" 9

1.156 x IO" 22

-2.655 x IO" 10

9.669 x IO 3

-2.655 x IO" 10

6.129 x IO2

\

J

\

/

The off-diagonal covariance terms that are of most significance in the (symmetric) error matrix are o\z and o%_. These highlight strong correlation between
the fitting parameter ai and T of the dimensionless model radiance function
A5
1
£FM;
Ciexp(C2/AT)-l
Despite this, the comparative superiority of the F M emissivity model has been
shown to reside in its incorporation of the complex dielectric character of crystalline material. The Edward's model, also based on physical theory, is particularly descriptive of the emission character of metals. The other emissivity models
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to be discussed will be seen to be either non-physical in their basis (L L S Q ) or
purely mathematical ( N L L S Q L).
For the materials studied, the key observation from M W P is the implication
that thermal emission is near to grey (i.e. e (A) = constant) from the surface
of an oxide engineering ceramic (at least over the sampled wavelength domain
despite the F M model for e having terms dependent on A at some point). Figure
(5.26) briefly indicates the temperature invariance of the greybody behaviour of
these ceramics
This implies that the operation of the 2A pyrometer (sensing from 0.70 to 1.08
jLtm) is now conditionally validated. At least for these (oxide) ceramics, confidence may be placed in taking the 2A pyrometer temperature estimate to be accurate in the absence of an appropriate thermocouple reading provided the calibration dial (emissivity slope setting) has been set for greybody measurement. This
point will be discussed in more detail shortly.

The performance and functional basis of the Edward's emissivity model
The performance of M W P based upon the Edward's model of emissivity
.1/2

LiN^r-l

e(A) = «i ,

A2

+

RT*)

(5 12)

'

with respect to the B-type thermocouple, is shown in more detail by Figs. (5.27)
and (5.28). The associated normal spectral emissivity estimates for the four samples are plotted in Figure (5.29).
The representative plots in Figs. (5.27) and (5.28) show the Edward's emissivity model to yield erratic uncertainties in estimates of temperature. During
analysis it was noted that, unlike the F M emissivity model, the Edward's emissivity model yielded negligible variation in the temperature estimate from the seed
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Extrapolated normal spectral emissivities of the FresnelMaxwell model
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Figure 5.26: Thefiguresimultaneously plots emissivity estimates by the FresnelMaxwell model for the four samples studied. The plots additionally show the
grey emission character of these samples to both higher temperatures and shorter
wavelengths.
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Figure 5.27: Temperature estimates by the B-type thermocouple and M W P
ploying the Edward's emissivity model are displayed in plot (a) for A 1 2 0 3
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Figure 5.28: Temperature estimates by the B-type thermocouple and M W P em-

ploying the Edward's emissivity model are displayed in plot (a) for 10 wt%
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0.1
0.09
0.08
0.07 £> 0.06
•g 0.05
•a

8 0.04

•alumina (T = 1022 +/-14 C)

0.03 -I

•5 w t % TZ3Y in alumina (T = 1027 +/- 246 C)

0.02

• 10 w t % TZ3Y in alumina (T = 1027 +/-1 C)

0,01

-TZ3Y(T=1027+/-1C)

(a)

0
1150

1350

1550

1750

1950

2150

wavelength (nm)

Figure 5.29: This figure simultaneously displays the normal spectral estimate
of emissivity according to the Edward's model from representative radiometric
spectra recorded from each of the four samples types as they were maintained at
1000°C.
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(initial) value T 0 , regardless of where it was reasonably set in order to gain an
overall bestfit.To some degree this reflects the complex curvature in the hypersurface of x2 built from the fivefittingparameters (c.f. the usual three fitting
parameters of other models), yet it more likely indicates the specialized character
of the model to metals. Once more, the erratic variation in time for estimates in
temperature from the F M model and error estimates for the Edward's model, are
purely an indication of the statisticalfittingability of the models when dealing
with a temporal window in (convolved) radiance measurement that happened to
be recorded by the scanning grating monochromator.
Further quantitative analysis from the error matrices
a
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show a significant covariance in the off diagonal terms a 2 5 and a 2 4 which
are the cross partial derivatives between 04, in the second term of the Edward's
emissivity model, and T, the temperature parameter.
In addition, aa. from the appendix Tables (G.10) to (G.13), are generally one
order of magnitude greater than the bestfita* indicating the material inappropriateness of the Edward's model in describing the emissivity of engineering ceramic
surfaces. This is in clear contrast to the stability of the F M emissivity model, indicated by a0. and aT of Tables (4.15) and (4.17), being generally an order of
magnitude lower than the a,- and T respectively.
The Edward's emissivity model is constructed from the Drude two-electron
theory that approximatesfree-carrierprocesses in metals, as outlined in ref.[48].
Equation (5.12) represents a general expression in that in the limit of N T R wave-
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length it reduces to a modified Mott-Zener relation
a3
6 =

a i +

• \2

a4 + A2
and at M I R wavelengths to the Hagen-Rubens relation
aai

03

y/X

a4 + A2

where a is some constant multiplier.

The performance and functional basis of the linear emissivity model
The performance of the M W P based upon the linear model of emissivity
e (A) = ai + a 2 A

(5.13)

compared to the B-type thermocouple, is shown in more detail the plots of Figs.
(5.30) and (5.31). The associated emissivities are shown in Figure (5.32) among
the four ceramic sample types.
The functional basis of (5.13) is purely empirical. It is directly drawn from
the observation (Fig. (4.1) and Fig. (4.2), though it is shown truncated to 700
cm - 1 ), that the high energy (1,000 - 4,000 c m - 1 ) tail of the reflectance spectra of
engineering ceramics is linear. The behaviour of thefitby a Planck radiation law,
spectrally weighted by (5.13), results in a 2 (from appendix Tables (G.6) - (G.9))
being a factor of four to eight times smaller than ax, implying it to be redundant.
Its inappropriateness in the model radiance function is additionally emphasized
by the high off-diagonal terms erf3 and a 3 2 in the error matrices
/
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Figure 5.30f Temperature estimates by the B-type thermocouple and M W P employing the Linear emissivity model are displayed in plot (a) for A1203 and plot
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Figure 5.32: Thisfiguredisplays the normal spectral estimate of emissivity according to the Linear model from representative radiometric spectra recorded from
each of the four samples types as they were maintained at 1000°C.
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While (5.13) was observed to be constrained like (5.12) in adjustment of T
from To, upon successive iteration for the solution vector, its behaviour is more
physically reasonable in OT- In this (5.13) is seen to suggest that a grey-like emissivity model as required in agreement with (5.4). This is indicated by emissivity
curves with similar behaviour for these two emissivity models in plot (b) of Figs.
(5.19) to (5.22).

The performance and functional basis of the linear-exponential emissivity
model
Linear least squares analysis admits only a very limited choice of emissivity functions. They are invariably of an exponential polynomial form, i.e.
e(A) = exp I y^ajX3
V=o
in order to permit the linear analysis after logarithmic compression of the dimensionless product of emissivity and the Wien radiance approximation.
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The linear least squares analysis employed only
e (A) = exp [a0 + aiX],
a purely mathematical expression that holds no intrinsic material description of
crystalline solids. This description of the thermal emission character of engineering ceramics is shown by the data in Figs. (5.34) and (5.35), extracted from Figs.
(4.23) and (4.24) to be inappropriate by the sometimes extreme inaccuracy of
temperature estimates.
The generally large over-estimation in temperature results from the analysis
procedure leading to a slavishfitof the experimental radiance. Thefitis observed
to be constrained to be bounded within the undulation of experimental values over
the bandwidth of measurement. The consequence of this is to give a lower than
usual estimate in emissivity as shown in Figure (5.35).

The performance of the two colour ratio pyrometer
The 2A ratio pyrometer used during comparative thermometry was a commercial
industrial ( I R C O N ™ ) infrared thermometer, Model 0R05-24C, usable for temperatures in the range 900 - 2400°C. Radiometry is conducted at two effective
wavelengths in the passbands defined byfiltersat 0.70 and 1.08 pm. The I R C O N
features an emissivity slope dial, Ae. Settings of A e range between 0.85 and 1.15
and represent the ratio e (Ai) /e (A 2 ) (Ai < A 2 ). A ratio of 1.00 is equivalent to
the dedicated greybody dial setting.
The function of the A e dial is to correct a temperature estimate for a Adependent material emissivity by re-weighting the spectral signals to be ratioed.
For the 2A ratio pyrometer, the temperature is given by
T=
B +
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where T is the temperature estimate and S (Xx) and S (A 2 ) are the voltage signals
read at the respective effective wavelength detectors. The terms A and B are
calibration factors. The A e is therefore adjusted, if known, to compensate for nongrey emitters. Temperature estimates for extreme A e settings (i.e. 0.85 to 1.15)
differ by as m u c h as 500°C. A possible m a x i m u m error in T can therefore be «
500°C if a material has an extreme A e and the dial setting of A e is unwittingly set
at the opposite extreme value.
With this in mind then, the plots of Figure (5.36a) and (5.36b) for A 1 2 0 3 u J
5 w t % T Z 3 Y in A 1 2 0 3 , and 10 w t % T Z 3 Y in A 1 2 0 3 and T Z 3 Y respectively, compare 2A temperature estimates with those of the controlling B-type thermocouple
on a c o m m o n time base.
A A e adjustment from 1.02 (from a prior experiment) to 0.985, was made at
approximately 6 minutes into the 1.5 hour hold time at 1000°C. A temporary instability in the PID was the reason for oscillation in the temperature readings. In
Fig (5.36b), A e was adjusted to 1.01 from 0.980 at approximately 17.5 minutes
into a 1.5 hour hold time at 1000°C. Approximately 4 minutes later the vacuum
pump was turned on to reduce the pressure which had progressively increased
from out-gassing following increasing temperature in the load. The evacuation is
seen to influence the surface temperature seen from the sharp rise in temperature.
Withtime,as the system adjusted to a n e w thermal equilibrium, the 2A pyrometer
temperature estimate approached that of the thermocouple as out-gassing progr \
sively raised the chamber pressure to « 1 Torr. A s noted earlier at the beginning of
section (5.2.1), the negligible shift in thermocouple reading over this few minute
period of noticeable pyrometer, is due to the thermal inertia of the sample suppressing and sudden response.
In Fig. (5.37a), A e is adjusted to 1.01 from 0.980 from the outset of the 1.5
hour hold-time, to force the 2A pyrometer into agreement with the thermocouple.
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Figure 5.36: Plot (a) for A 1 2 0 3 and (b) for 5 w t % T Z 3 Y in A 1 2 0 3 show comparative temperature estimates between the controlling B-type thermocouple and the 2
A ratio pyrometer operating in greybody body mode. At about the 85 minute mark
in both plots (a) and (b) the sharp change in temperature readout follows an event
in which the calibration dial setting of the emissivity slope A e is adjusted from
1.02 to 0.985, and 0.980 to 1.01 respectively. The oscillation in readout that sets
in at about the 115 minute mark is due to instability in the PID control algorithm.
Ae is adjusted to force the 2 A ratio pyrometer to agree with the thermocouple.
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Figure 5.37: Plot (a) for 10 w t % T Z 3 Y in A 1 2 0 3 and (b) TZ3Y, show comparative
temperature estimates between the controlling B-type thermocouple and the 2 A
ratio pyrometer operating in greybody body mode. Plot (a) shows a sharp adjustment in temperature readout following A e being adjusted to 1.01 from an initial
setting of 0.980. Plot (b) records two A e adjustments from an initial setting of
1.01. The first occurs at 37 mins. into the 1.5 hr hold time at 0.99 and the second
at 49 mins. in to 0.975. A e is adjusted to force the 2 A ratio pyrometer to agree
with the thermocouple.
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Firstly, in Fig. (5.37b), A e , is initially 1.01. A t 37 minutes into the 1.5 hour
hold-time at 1000°C, A e isfirstlyadjusted to 0.99 and 12 minutes later to 0.975 to
maintain agreement between the temperature estimate of the 2 A pyrometer and the
thermocouple. Little is to be said for the 2A ratio pyrometer except that the four
traces highlight its particular susceptibility to error w h e n A e cannot be accurately
set. The most steady results are those of Fig. (5.36b) and Fig. (5.36a) where A e
happens to have been set at 1.01, i.e. near the greybody setting. A s noted earlier,
M W P has also established that A 1 2 0 3 and T Z 3 Y are near to being grey emitters,
at least over the spectral interval from 1 to 2.5 pm.

Fig. (5.26) suggests the

grey character to hold over the passband of the 2A ratio pyrometer and to higher
temperatures.

5.2.2 The Practical Interrelation of Reflection Theory with Pyrometry
This final section is included to distinguish the work of this thesis in the application of M W P from the work of Neuer et al[154] and N g et al[155] (as described
in the literature review of section (2.7.5), w h o applied M W P to the problem of
accurate thermometry of engineering ceramics.
As noted at the beginning of the discussion, M W P per se has been developed
in the literature review, and seen to be practically and theoretically applied (almost
exclusively) to the thermometry of hot metal surfaces. Only two papers[154,155]
specifically report the thermometry of engineering ceramics, mainly with an interest in measuring the (normal, spectral) emissivity. The second of these is an
application of full (broadband) spectrum M W P , and has been described in detail
in the literature review. Figures (2) and (4) in ref. [154] are reproduced here to
show the spectral character of the emissivity for SiC and H P S N 1 1 , with markers
U

HPSN: Hot Pressed Silicon Nitride
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placed at 0.70/zm and 1.08pm, to show the operating band of the 2A ratio pyrometer, and at 1.0pm and 2.5pm, to show the operating band of the M W P .
A more complex picture of spectral dependence is revealed for the emissivity
in each plot, particularly for H P S N , which suggests a third order polynomial as
a possible model function for the emissivity, besides the better Fresnel-Maxwell
model. Figs. (2-4) of ref. [154] suggest emissivity slope settings of 1.05 for
SiC at 950 °C and 0.94 for H P S N at 837 °C, emphasizing the distinctly non-grey
character of carbide and nitride ceramics compared with the oxides (A1 2 0 3 and
TZ3Y) studied here.
N g et. al. demonstrated the superiority of the broadband M W P and IK v
may be augmented to compensate for the effect of measurement error introduced
by the detector acquiring a signal that is the s u m of the primary emittance plus
sources from secondary reflections from within a specular enclosure and/or hot
sources. Their implementation of M W P based upon emissivity learnt from reflectance measurements was first demonstrated by Gardner et. al.[61].
However, even without auxiliary reflectivity measurements (from as many secondary sources as required), M W P as implemented in this thesis using the FresnelMaxwell model of emissivity, in which the undetermined coefficients ai and a 2
in (5.4) are left free during the parameter search (as here), or seeded if material
data is available as a function of temperature for the relative permittivity and electrical conductivity, can give accurate results. This is reasonable given that most
M W P is practiced in the N I R where the dielectric characteristic m a y be treated
by lumped constants rather than discrete oscillators (as in the FIR). Even so N g et
al demonstrated the consistency of M W P with atomic theory by achieving a good
comparison between the measured emissivity spectrum for SiC and that generated
theoretically for the three-parameter oscillator model using the dispersion parameters of Spitzer[195]. The Fresnel-Maxwell approach could be equally capable of
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Figure 5.38: Figures (2) and (4) in ref.[154] are reproduced here to s h o w the
spectral character of the emissivity for S i C and H P S N , with markers placed at
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such success if radiometry were to be performed in the FTR and M I R , by replacing n with its generating oscillator expression and using dispersion parameters as
seed values during the least squares analysis.
A check of consistency between M W P (employing the Fresnel-Maxwell emissivity model) and FTIR-Reflectance spectra is summarized in Table (5.11) of measured and calculated emissivities. Emissivity estimates are lower by a factor of
nearly ~ 7 for zirconia and ~ 1 0 for alumina, over those derived from the high energy tail of the FTIR-reflectance spectra according toe = l - p = l — \/R, where
R = p • p* is the reflectance at high wavenumber (and p* is the complex conjugate
reflectivity). In view of uncertainty in the quality of high temperature reflectances
measured in this thesis, the F T I R estimate of optical emissivity for alumina in particular, is derived from the dispersion parameters (Table 5.3) of Gervais et al[6t]
for the reflectance measured at 1127 °C, for which R = 0.103 at 10,000 cm" 1 .
Precise agreement between M W P and F T I R reflectance spectroscopy was not
to be expected because the surface quality of the reflectance sample was very
high (1 pm) as well as being optically flat. The ceramic specimens heated by
the Gyrotron were curved (as per the forming-die during preparation of the green
compact), with an estimated surface roughness of sub-millimeter proportions. It
is emphasised once again however, that in spite of the disparity in emissivity,
temperature estimates m a y still be determined. Accurate absolute measurement
of emissivity requires very careful measurement. To have approached such demands here would have at least required radiometric measurement with a high
S/N ratio provided by spectrographic detection rather than by a scanning grating
monochromator. Least squares analysis would then have been able tofitdata with
a less "lumpy" structure overall.
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A1203

TZ3Y

MWP

FTIR-RS

MWP

FTIR-RS

0.070

0.727

0.070

0.462

Table 5.11: Test of consistency between estimates of emissivity and those directly
measured through FTIR-Reflectance spectroscopy.
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Chapter 6
Conclusion
6.1 Dielectric Spectroscopy
Interferometric spectrometers are a commonly available apparatus, of which the
one used in this thesis, was readily reconfigured for high-temperature F T I R reflectance spectroscopy. This provides an alternative to the backward wave oscillator for dielectric analysis of a (poly)crystalline specimen. Though the semiquantum analysis of F T I R reflectance spectra permits only an estimate of the
intrinsic loss in the dielectric function, it is unique in revealing the mechanical
origin of the resonant loss component at microwave frequencies as the sample
density increases (see below). In principle, loss behaviour at microwave frequencies may be understood from tracking the temperature-dependence of the IR spectral features. This unfortunately could not be pursued here because of an anomalous decrease in reflectance over wavenumbers below thefirstpolar optic phonon
mode, as temperature increased.
It is emphasised again, that extrapolated loss estimates from phonon ana.; sis of IR reflectance spectra, provide only a value that is based purely on intrinsic physical properties of the crystal. A complete understanding of microwave

314

loss character necessarily requires the complementary analysis of relaxation processes. Theses begin to dominate over resonant loss mechanisms as temperature
increases, and originate in these engineering ceramics from the presence of crystal
defects and chemical impurities.
FTIR reflectance spectroscopy was implemented in this thesis using a rapidscanning B o m e m (Michelson) interferometric spectrometer (DA3) in conju ..

.

with a liquid H e cooled Bolometer (« 4 0 - 1010 c m - 1 ) and a liquid N 2 cooled
M C T (430 - 6010 c m - 1 ) infrared detector. The spectra were measured at nearnormal (29 = 23°) incidence and each was averaged over 50 or more scans. The
B o m e m was configured with a globar infrared source, a source aperture of 7 m m
diameter and a scan speed of 0.5 cm.sec. _1 giving a resolution of 1 c m - 1 . The zirconia and alumina samples for reflectance measurement were sintered to > 9 9 . 5 %
of their theoretical density and their faces polished to a 1 pm surfacefinishin
order to ensure that the reflectivity was not degraded by non-specular reflection
(particularly at higher energies) and that intrinsic losses alone are measured.
Temperature-dependent measurements were performed by placing a resistancewire heater in the sample bay of the interferometer. The dielectric specimen sat
in a cup milled into the head of a rod which passed through the core of the heater.
Temperature was measured by a bare-wire K-type thermocouple which was -.
ried by a double-bore ceramic tube along the axis of the heated rod. The hot
junction of the thermocouple was press-fitted to the back of the dielectric sample.
Since ab initio calculation of anharmonic lattice dynamics are formidable, and
therefore historically limited to single m o d e cubic crystals, the analysis reported
in the results demonstrate the utility, particularly, of the approximate F P S Q model
for obtaining reliable optical data for more complex crystal systems such as the
practically important engineering ceramics.
A m o n g the key results are that dispersion analysis of F T T R reflectance spectra
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indicates, from the phonon loss component of the total dielectric loss, w h y _Lconia, for instance, is intrinsically a more efficient absorber of microwave energy
than alumina. It lies in zirconia possessing a polar optic phonon m o d e at « 150
cm -1 , which occurs some 220 c m - 1 closer to the microwave band than alumina.
Further, thisfirstm o d e of zirconia is the dominant oscillator and, at 26 c m - 2 , is
w 200 times greater than thefirstm o d e of alumina. A microwave source therefore, though its source frequency might be at least 3 to 4 orders of magnitude
lower than the phonon resonance frequencies, is able to incrementally p u m p by
one-phonon'(reststrahl) absorption (since these are ionic crystals) the low-lying
mode for zirconia m u c h more efficiently than that for alumina. Here at least, the
experimental results of zirconia and alumina are consistent with the full quantum
theoretical treatment of dielectric loss by Gurevich et al[76], which is based upon
group theoretical principles where KI is fundamentally a function of the roi *
group symmetry of the crystal. Besides this phonon account, other dominant reasons for zirconia being more lossy than alumina are that it has a higher ionic
conductivity. A full account of the mechanics of microwave loss would require
incorporation of relaxation losses contributed by crystal defects and impurities.
Another observation was that the polarity in the definition of the dielectric
function k = KR ± i/c7 could switch in the limit of low wavenumber in the F P S Q
analysis . This effect also occurred in the work of Petzelt et al[167] as well as
being found,to exist in Gervais et al[67]. It was surmised from this that the F P S Q
model of the dielectric function m a y possess an inherent sensitivity to the overall
form or "correctness" of a reflectance measurement. In the event that transmission measurements are not possible, this suggests a means for self-correction of
the reflectance measurement by s o m e h o w adjusting the negative-going portions
of Ki resolved from the F P S Q model. It is believed that the behaviour of the reflectance spectra as measured here is anomalous on the grounds that, KR (or even
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c0) should be essentially constant with temperature. A s it is, they were measured
to decrease with increasing temperature. This was inconsistent with Gervais et al
since KI, derived from his dispersion analysis, was a properly increasing function
of temperature. It was noted that his dispersion parameters were red-shifted with
increasing temperature, whereas those of this thesis do not generally conform to
this behaviour.
For the most part, dispersion analysis revealed that all identifiable reflectance
bands had been observed for polycrystalline zirconia and alumina. F r o m this, intrinsic estimates of k resulted, and were qualitatively compared against estimates
of k made at a nominal frequency of 2.45 G H z by the standard microwave techniques of a multimode resonant cavity and coaxial transmission line probe. There
were differences in estimates of «/ particularly, of 4 orders of magnitude between
microwave and infrared-extrapolated estimates for alumina, but just a little over
1 for zirconia. Besides the losses due to extrinsic factors present in the ceramic
samples during microwave measurements, it was concluded that there were also
measurement errors in both microwave and infrared techniques. This was brought
out by calculating the quantity QUJ, the product of dielectric Q and irradiating
source frequency ( c m - 1 ) , that was designed to test the legitimacy of extrapolating the infrared dispersion analysis according to the T P C and F P S Q models of k,
which has the same functional form in the limit of low wavenumber. In the limit,
it was seen that KR should be dispersionless and KI OC UJ and hence QOJ would behave as a dispersionless quantity. T h e decrease of KR with increasing temperature
contributed significantly to the increase of QOJ with temperature.
Gauging the accuracy of k extrapolated to 28 G H z was more difficult since no
direct measurement of k could be found around this frequency for either ceramic.
Attempts to verify estimates of «/ were m a d e indirectly in two ways. The first
was to predict the measured reflected power from the dual directional coupler on
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(he microwave transmission line of the Gyrotron, and the second was to predict
the rate ofriseof sample temperature during microwave heating. The results differed from the measured values, but the disparity was significantly smaller than
at 2.45 G H z , indicating the lessening influence of extrinsic sources of loss at this
frequency. The agreement for the rate of rise of temperature, in particular, improved with increased sample density. Reflected power values could be brought
into acceptable agreement by altering the value of «/ by a factor of 2-3 (assuming
all other dependent variables have acceptable values i.e. calculated sample radiation loss, cavity skin loss etc.), though it should be noted that the measurements
for the reflected power are not very accurate.
The intrinsic KR and «/ estimated here through the models of dielectric dispersion analysis , were noted to be of similar size to those measured by Petzelt
et al[167, 170] and within « ± 5 % and > ± 3 0 % respectively, and these deviations appear at least no worse than in the parallel measurement programme of
Batt et al[31], as summarised in Figures (1.1) and (1.2) for alumina and zirconia
respectively.
In conclusion then, a most thorough and careful study has been m a d e in examining the extent of applicability of the semi-quantum expression of the dielectric
function, to estimating microwave losses in poly-crystalline engineering ceramics
that have been raised in temperature above room temperature, throughfittingof
FTIR reflectance spectra. In consistency with the work of Petzelt et al[167, 170]
etc, the F P S Q dielectric function has been confirmed to hold an inherent sensitivity to the overall shape of a reflectance spectrum, such that it yields negative
estimates of loss w h e n extrapolated to microwave frequencies. This only works to
confirm the fact that even with the most complete formulation of phonon mechanics to date, resonance mechanisms are not sufficient for estimating microv,
absorption in (poly)crystalline solids below 30 G H z , particularly as temperature

318

increases.

6.2 Thermometry

The robust utility and accuracy of the still largely theoretical device of multiwave
length pyrometry ( M W P ) , has been established for microwave heating processes.
The most important change for this was the use of a special emissivity model
builtfromMaxwell'sfieldequations and Fresnel reflectivity formulae suilabL \ i
ceramics, rather than models chosen purely on a basis of mathematical convenience. For example, an improvement in accuracy of more than 5 0 % is achieved
by the Fresnel-Maxwell model of emissivity (Figs. (5.23-24)) compared with the
purely mathematical linear-exponential model (Figs. (5.33-34)).
The Fresnel-Maxwell emissivity expression allows one to submit real material
data for the relative permittivity and electrical conductivity to generate seed values for the undetermined coefficients in the least squaresfitto the experimentally
measured radiance from the hot body. Using a broader range of wavelengths for
the radiance curve greatly assists the accuracy of the statistical analysis for resolving the temperature and spectral emissivity estimates. Emissivities are quoted
(Table 5.11) with a typical factor variation of nearly ~ 7 for zirconia and ~ 10
for alumina, over those derived from the high energy tail of the FTIR-reflectance
spectra. Precise agreement between M W P and F T I R reflectance spectroscopy v
not to be expected because the surface quality of the reflectance sample was very
high (1 pm) as well as being optically flat. T h e ceramic specimens heated by
the Gyrotron were curved (as per the forming-die during preparation of the green
compact), with an estimated surface roughness of sub-millimeter proportions. In
spite of the disparity in emissivity, temperature estimates at least are readily resolved. Accurate absolute measurement of emissivity requires very careful mea-
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surement. To have approached such demands here would have at least required
radiometric measurement with a high S/N ratio provided by spectrographic 4- tection rather than by a scanning grating monochromator. Least squares analysis
would then have been able tofitdata with a less "lumpy" structure overall.
The critical dependence of M W P upon a suitable choice of emissivity function
was highlighted by the erratic nature of temperature estimates from a simple linear
empirical law and, the extreme errors w h e n employing emissivity relations more
properly suited to metals, such as the Edward's model is.
One keyfindingof Fresnel-Maxwell based M W P was the almost temperature
invariant near-grey character of the emissivity in the measured temperature domain of 1000° - 1300°C, for these oxide engineering ceramics. This was shown
during non-microwave heating studies reported in section (4.4.4). The immediate
benefit of this information was to permit intelligent use of the otherwise "rudderless" two-colour ratio pyrometer, since the range of settings possible for dynamic
adjustment of the emissivity slope-setting dial, gave temperature uncertainty uf. •>
much as 500°C. The consequent ability to use the ratio pyrometer added real-dine
remote thermometry (above 900 °C) to complement the contact thermometry that
was provided by a standard B-type thermocouple. The M W P built for this thesis
was hrnited by its single element detector to have a monochromatic rather than
spectrographic configuration at its exit slit. If the detector had been say an array
detector (such as a charged coupled device (CCD)), thereby permitting a spectrographic configuration; then this would have given the M W P a near to real-time
capability like the two colour ratio pyrometer.
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Appendix A
Low Frequency (<10 GHz)
Dielectrometry & Thermometric
Context of Multiwavelength
Pyrometry
This appendix serves to amplify key points in Chapter 2, that for the sake of maintaining focus could not be m a d e there. In particular thefirstsection on dielectric
theory and measurement is an attempt to provide a unified picture. It seeks to
complement the high frequency ( « > 10 G H z ) treatment of Chapter 2 with the
corresponding low frequency theory. The highlight is the a general analysis that
has been dubbed the "Universal" theory of dielectric response. T w o possible physical theories are promoted for its explanation, namely, the Many Body Theory and
the Energy Criterion. Effort is also m a d e in thisfirstsection to trace sources of
measurement error in microwave techniques in response to the scatter in estimates
of the collaborative measurement programme reported by Batt et al[31] whose result were repeated in Figures (1.1,2). Efforts are also m a d e to compare the relative
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magnitude of errors expected from "free space" interferometric techniques such
as FTIR reflectance spectroscopy which is applied in this thesis.
The second section of this appendix provides background on pyrometric methods of thermometry and particular history in the development of multiwavelengthbased thermometry.

A.l Relaxation Dispersion and Absorption
In (2.19), &(UJ)Relaxation describes orientational and space-charge (or alternative'.y
interfacial) polarisation.

A.1.1 Orientational Polarisation
Permanent dipole character generally exists in crystalline solids because of defects
which may be of intrinsic (i.e. Frenkel, Schottky) or extrinsic (i.e. solid solution
interstitials, substitution) origin. T h e charge imbalance accompanying one defect
is generally offset by the effective charge of an associated defect which has opposite polarity. Therefore vacancy-vacancy (v-v) and vacancy-impurity (v-i) pairs,
for example, m a y form to effectively constitute dipole moments.
Orientational polarization results in modification of (2.16a) w h e n particularly
considering the response of crystalline solids. T h e n it is specifically designated
as ion jump relaxation. T h e D e b y e equation, which was originally constructed
for description of the dielectric response of dipolar liquids, is modified for solids,
since only discrete rather than continuous alignment is open to the dipole in response to the applied electric field. Ordinarily, in the absence of an applied external electricfield,the v-v, v-i pairs, are bound in a given orientation according to crystal symmetry, impurity concentration and the factor (g) of impuritylinked vacancies (degree of association)[115, 22]. These together determine the
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local Coulomb potential H, (hereafter equilibrium potential or energy barrier) at
a given lattice site. A n effective dipole has an equal probability of being in any
given available orientation. A transition in orientation (jump) by the dipole is seen
when it acquires an activation energy sufficient toriseout of its present potential
well and settle into an available adjacent equilibrium position.
The Boltzmann factor for the transition probability (e _i? /* sT ) by a dipole from
one equihbrium orientation to another is typically low (H »

kBT) for ther-

mal activation. The application of an externalfield,however, perturbs the local
site potentials so that the transition probability from one orientation is increased
^e-H+q\f\EikBT^ w j t j 1 r e S p e c t to a near-neighbour; \f\ is a general lattice parameter and q is the effective charge. A net polarization results from a differential
concentration in dipole alignment. The characteristic form of the Debye equation
_1
1 + IUT
is modified by a multiplying factor that is constructed from the solution of a matrix equation. This equation is the set of mass-action (jump) equations with each
governed by their respective transition probabilities. Its solution is the differential
concentration in real and effective charge densities which constitute the dipole and
is equal to
Ng q\r\E
n kBT
in which N is the impurity concentration and n the number of transition paths
Gump options) open to charges that generate the dipole moment, and is constrained by the point group of the unit cell. Therefore
(d(w)>= E

_J_^|fl

where
Tj = V

J- C f f /*- T

i njUj

323

(A.1)

is a relaxation time period that is characteristic to a particular probability for
dipole transition. T h e factor u0 is the characteristic restrahlen frequency [149]
and H is specifically the Gibbs free activation energy for the j u m p transition. Alternatively r 0 = l/^o, is the average interaction time between the charged-defect
and its surrounding medium, and is considered to be small with respect to the average time r in which the defect resides in a given equilibrium prior to jumping to
an available adjacent equilibrium site.
In c o m m o n with the phenomenological treatment of resonance dispersion and
absorption, the Debye equation assumes no interaction between charges (coupled effects). A mutual interaction energy would modify the transition probabilities for charge jumping a m o n g equivalent potentials. The matrix equation would
become non-linear and therefore lead to non-exponential solutions[54], Furthermore, in the exponential form of the D e b y e equations, their valid use holds only
for r0 < r, where r oc 1/OJ, the period of the alternating electricfield.Relaxation
absorption is seen to be a m a x i m u m for the condition UJT & 1.
In contrast to the equations of resonance dispersion to follow, the Debye relaxation equations incorporate an additional dependence upon temperature, if only
implicitly, through e 0 - e ^ and r. A fully quantum mechanical treatment is required in order to incorporate temperature-dependence into a description of energy
absorption by oscillators.

A.1.2 Space-charge Polarisation
Space charge polarization, otherwise termed interfacial polarization, constitutes a
significantfieldabsorption mechanism from low K H z frequencies to microwave
frequencies ( ~ 5 x 10 r ) [22, 151] and on occasions to very high (100 G H z ) microwave frequencies[22, p308][152].
It is particularly manifest in heterogeneous dielectrics. The boundaries be-
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tween phases and/or crystallites (grains) present a discontinuity that impedes free
charge carrier motion under electromotive force. The accumulation offreecharge
carriers of one sign and on one side of a discontinuity or boundary, will create
an effective dipole m o m e n t with charge carriers of the opposite sign across the
boundary from them. Polycrystalline ceramics, such as are to be studied in this
thesis, represent classic materials which manifest this form of specifically.
Maxwell and Wagner[217] originally modelled interfacial specifically as a
simple two-phase capacitor. This permitted analysis with an equivalent circuit
consisting of series pairs of a resistor and a capacitor in parallel. The model assigns to each a characteristic relaxation time constant for the charge carrier action
{Ti = RiCi) which has an implicit temperature dependence. A n analysis of the
circuit in terms of its admittance[22] leads to dispersion relations for KRJ(OJ) as

««(w) = eoo + f p ^

(a)

"'(") = .Co^+^+^fP^ (&)
where Co is the vacuum capacitance (l/k(Ci + C2) — 1/kC).
The two layer dielectric of Maxwell and Wagner[217] m a y alternate :1; '
treated[32, pp88-90]by assigning the more experimentally accessible parameters
of a conductivity ox and thicknessrfitoone dielectric and <r2 and d? to the second.
The total thickness d of the modelled two layer interface is di -1- d2. The dielectric
constant of each is as usual k\ and k2.

«&(<") =

^oo + ^ r

(a)

where
,
0

"

_ da\ <r2 (KI d2 +K2d2)
{(Tld2+<T2dl)2
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'

°°
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Kld2+K2dl

and
-. _
0
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'
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d\ K2+d2Kj
di<r2+d2<ri

(A.3)

In (A.3), K*RJ(OJ) are the effective real and imaginary components of the dielectric response function for this simplified two component system of grain and
grain-boundary, with the dimensions of grain boundary di to grain d2 being such
that di/d2 < 1 and the conductivities Oi/cr2 <C 1.

A.1.3 Conduction Loss
Conduction loss, though not normally considered significant at microwave frequencies , does become significant at very high temperatures. This is particularly
the case with polycrystalline ceramics. Ho[89] has established the softening of
amorphous phases at grain boundaries, or the melting of secondary phases, to
be the dominant loss mechanism in the 30 to 40 G H z domain of his micro\ "
measurements.
Conduction losses m a y be modelled on the same basis as interfacial specifically [149, 115][22, ppl44-148]. Free charge carriers (vacancies, interstitials),
that move under the force of an applied electricfield,travel by diffusion through
potential wells[120]. T h e motion is statistically determined by the j u m p probability of the charge carrier, modified by an associated probability factor depends on
there being an available neighbouring site. The unperturbed j u m p probability v is
governed by the condition that the thermodynamic potential Ag = Ah -

TAS

is equal to the potential difference between the two equilibrium sites of charge
residence, so that
v = v00e

kBT\

where vx is the m a x i m u m oscillation frequency of the interstitials or of the lattice,
A/i is the enthalpy necessary for activation of the j u m p and AS is the entropy that
arises from the subsequent disorder[22]. According to the direction of the applied
field, the magnitude of barrier potentials a m o n g sites are perturbed relative to one
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another, and so j u m p probabilities alter as
\_Ag±gB\f___]

where + and - denote terms with or against the action of the appliedfield.For
linear dielectric response (qE\r\ < kBT), the j u m p frequency (or transitionr-Td
ability) per unittimeis
Ag
T k TqE\r\
Av = v+ — V- = v^ekB•
B

With the average velocity being u = rAv, the free charge carrier current density
with the appliedfieldis
nq^ffEu^
f
\J\ = nqu+ =
—

TTj^r

e

— nqpE

where n is the density of free charge carriers and p is their mobility through the
lattice potentials. Alternatively, in terms of the optical conductivity
iri_^i^i_ng2M2^°o,
\J\ = cr \jii\ =
——
11
' '
kBT

OJ€QKI(UJ)

e'

so that

Ki(oj) =

e0ukBT

nq2

^e[-^]

(A.4)

With the lattice frequency dominating at microwave frequencies, (A.4) is sensitively temperature dependent through its exponential factor. Ho[89] in particular
has performed a detailed study of alumina, silicon nitride ( chemical vapour deposited, sintered and hot pressed ), beryllium and boron nitride. H e concluded
that localised electrical conductivity within grains appeared to be the dominant
loss mechanism due to impurities within the primary microcrystalline grains and
in grain-bodndary phases. These results were for temperatures in the range of
1200 to 1400°C and frequencies of 30 to 40 G H z .
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A.2

The Universal Many Body Theory of Dielectric
Response

The many body theory of dielectric response is applicable throughout the microwave frequency domain, but in this section relaxation, rather than resonance
phenomena are considered.
The advent of the m a n y body theory to describe relaxation absorption of field
energy followed with Jonscher noticing a persistent linear profile for the spectral
conductivity a, w h e n plotted as m a versus \noj, for an extremely diverse range
of materials [102]. T h e diversity covered physical structure and long range order
(i.e. crystallinity - single and polycrystalline, amorphous and glassy), prevailing
bond type (i.e. covalent, ionic and molecular), charge mobility (i.e. bound dipoles
or hopping electrons, ions and polarons), phase state (solid or liquid) and, dimensionality (i.e bulk samples, monomolecular layers - thin barriers (1 - 3)[104].
This consistency over such a wide diversity of materials and ~ 10 decades of
frequency from ~ D C , suggested the presence of a c o m m o n or universal law for
dielectric response in condensed matter systems. Consequently, a correspondingly
general model of dielectric response was specifically sought for. T h e universal
dielectric response has been theorised by Jonscher to reside in an energy criterion.
This, to be considered last, forms an alternative (or perhaps even a complementary
basis) to the many body theory of Dissardo and Hill.
In a complementary manner to the ubiquitous linear trend ln o versus ln UJ, the
search for a universal basis to account for the dielectric response of condensed sv.ctems, arose from a dissatisfaction with the established empirical formulations[j3,
37, 38, 39, 57, 79, 226], to provide a physical explanation for the behaviour of
X(w) away from the frequency UJV, i.e. the frequency of peak loss xi{u)maxThough traditional empirical formulations satisfactorily describe particular mate-
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rials, they remain arbitrary in their single parameter of analysis. In representing
£(w) on an Argand (complex plane) plot as Xi{u) versus X R ( W ) , (a practice originated by Cole and Cole[33] and developed by others[37, 57, 79, 226]), it was
noted that the locus of points ( X R ( W ) , X T { ^ ) ) describe a curve that deviates away
from the ideal semi-circular arc w h e n equations (2.16) are plotted on an Argand
diagram. Cole and Cole[33] postulated that the ensuing skewed data plots of
Y(W) could befittedby a normalised statistical distribution of relaxation times
(rB = l/ojPn) such that

*(") = f T T ^ - d r

(A 5)

-

J0 1+ JUT
Assuming the distribution g (r n ) exists from the inverse transform of (A.5), no
information is forthcoming about what material process m a y have occurred!86].
Two concerns are held about the physical basis of (A.5). Despite its mathematical rigour (A.5) provides a limited account of the observed universal response
of x(u) over, firstly, the measured frequency domain that extends from virtually
D C to ~ IO 10 H z and secondly, the generally consistent spectral profile regardless
of the physical and chemical nature of the material[104]. That is, it is doubtful
that the observed universal response over the vast range of materials should be described by a c o m m o n function of distributed relaxation times[109]. Specificajij-,
while g (r„) m a y exist it is mathematically constrained by the Debye function
(2.16) to have limited spectral extent and to have a shape that retains the proportionality of (2.16) to UJ < UJP and UJ > OJP [86].
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A.2.1 The Universal L a w of Relaxation Dielectric Response
The universal law for the relaxation m o d e of dielectric response is governed by a
decaying power law in the time-dependence of the depolarisation current1. Thus[ 106]
*(*) oc t~s (A.6)
where for dipolar systems s is bounded in two distinct domains 0 < s < 1 and
1 < s < 2 which are the short and long time domains either side of the absorption
peak at r„ =

1/OJPTI.

For charge-carrier dominated systems (electronic, ionic,

polaronic etc), s in (A.6) is bounded in the domain 0 < s < 1. In the limit
s -> 1 (of short-time response), i(t) is naturally indistinguishable from dipolar
behaviour! 106], while in the limit s —> 0 (of long-time response) charge-carrier
dominated systems manifest a pronounced dispersion.
The power law (A.6) is more usefully expressed in the frequency domain in
terms of the complex susceptibility
X(UJ)

= ^1 - 1 = XR(UJ) - x/(w)

€

°

by taking the complex Fourier transform of (A.6). The associated fractional power
laws in frequency follow as
/

XM=

\ m
UJ \

-

up j

+

/
\ ra—1
( UJ

-

(A-7)

\0Jp

in which

with 0 < m, n < 1. Hill[81, 82] has shown that m and n-1 are mutually independent parameters which implies that any theoretical model of dielectric respor
'The depolarisation current is the time derivation of the dynamic form of equation (2.6) (i.o.
Ev having eiut time dependence). Thus i(t) = dP^/dt = e0Evk(t)
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Figure A.l: Energy criterion as the basis of the universal dielectric response.
Fig.(A.la) displays the universal dielectric response in the time domain while
Fig.(A.lb) is the universal dielectric response in the frequency domain.
must account for two distinct physical mechanisms. These are to be considered in
the theory to follow. In terms of (A.6), (A.7) sets s = n < 1 and s = 1 + m > 1.
The comparative frequency and time domain responses are depicted in figures
(A.la) and (A. lb) above. O f particular note is that (A.7b) has been k n o w n for the
best part of ninety years n o w as the Curie-Von Schweidler law. It describes the
widely observed behaviour of real dielectrics , but only recently was it satisfactorily physically based.
An important result of the universal law for charge carrier systems away from
w = UJP, and in dipole systems for UJ > up, is its conformity to causality. Figures
(A.la) and (A.lb) above display X / M

c* X R M

over the specified frequency

intervals so that X / ( W ) / X K ( W ) — constant. In order for the K K transforms

to hold under the proportionality condition X/M <* Xfl(^).
that XI(OJ) = 4s0nu;|a;|n-1 and x « H
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il is

required[103]

= A tan (mr/2) \uj\n'\ where A is a

c-o

Presentation of the characteristic exponents in and (1 -,,) for one hundred d.electrc
loss processes. T h e key lo Ihe figure is contained in Hill (I9SI al. Where it has not been
possible lo label the data points internally they have beenfilledin and the label «ritten at
the side. T h e D e b y e process occurs at the point »i=|-0 = «: Ihe Davidson-Cole
characteristic is the line >,, = 10; and the Cole-Cole characteristic the diagonal » . = ( ! - „|
as indicated in table I Very few of the data points fall on these charactenJics but there is a
general trend towards m > ( l - « ) .

Figure A.2: The various one-parameter dielectric relaxation models are shown to
be special cases of a universal power law.
constant. The ratio of complex to real susceptibility is then
= cot f n - J = tan f ( n - 1)-J = Cu
Xr

» o;p

(A.8)

in which C is a constant. Equation (A.8) represents an alternative expression
for the universal law of dielectric relaxation response and is referred to as the
flat frequency response. It holds over several decades and is not significantly
temperature dependent 103].
In order to establish the veracity of relations (A.6) and (A.7), Hill has amassed
a large body of dielectric data from one hundred sources and plotted them (Fig.
A.2 following) according to the power law as functions of the independent variables m and n— 1.
Figure (A.2) indicates the various one-parameter relations to be special cases
of (A.6) or (A.7). Specifically, the ideal Debye response is (m, n — 1) = (1,1),
Cole-Davidson and Williams-Watt is (1 - n, m — 1) and Cole-Cole and FuossKleinmann is m = 1 — n. Jonscher and Hill point out the limited coverage m a d e
by any of the one-parameter models in accounting for the available data set.
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Tabic t. Spectral functions and their power law exponents*
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Table A.l: Comparative table of one parameter formulations for dielectric relaxation
A summary that compares formulae for dielectric relaxation response in connection with Fig. 4 is given according to Hill in the table (A.l) (et al)[86].

A.2.2 The Two Physical Theories for the Dielectric Response
The M a n y Body Theory
The two physical theories to be described next were developed because the measured x(w) of the majority of dielectrics departed in an extreme manner from the
ideal Debye form. T h e condensed material systems of solids and liquids imply
proximity of constituent ions and molecules meaning that coupled interactions
cannot be ignored[51].
The physical characteristics indicative of the universal response are a spontaneous transition by charges (dipoles) followed by gradual relaxing interactions
among the surrounding charged sub-system (e.g. the screening charge model of
Jonscher[105], entropy of the charge carriers and lattice-charge interaction. Firstly
in regard to the spontaneous charge transition etc, two time scales are apparent.
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The short time scale of abrupt individual excitation and the slow time of collective
adjustment a m o n g m a n y interacting charge carriers (bound or free).
The second physical attribute of the universal dielectric response is in the entropy of the charge carriers[84] and is present at several levels. Firstly in the
random orientation of the permanent dipoles even though they m a y be in a regular lattice. Secondly, in their r a n d o m distribution in addition to orientation. This
implies each individual pair-coupling dipole is unique as with carrier-carrier interactions.
Thirdly, there is the lattice-charge interaction. Entropy drives the various interaction combinations so that the energy of one charge carrier influences all others
and is similarly acted upon by all others2[51, p32-l].
The m a n y body theory of Dissardo and Hill (henceforth DH)[41, 40, 85] of
universal dielectric relaxation response is developed upon the connection Ngai[ 156]
made between (A.6) and the t~n behaviour[91] characteristic of ir divergence
(IRD) and anomalous absorption of X-ray photons in the X-ray edge proUj, u
of metals[139]. I R D and X-ray anomalies share with the universal dielectric response (A.6), the feature of a spontaneous potential transition (fast time) which
triggers a transient response (slow time) a m o n g lower energy excitations which
themselves emit a spectrum of excitations that extend to infinite time.
D H theory generates two independent mechanisms to account for the two independent variables ra and n, in addition to accounting for the remnant of measurable loss at m K temperatures and the temperature dependence of up.
The totality of information that can be obtained from dielectric spectroscopy
are the set offivemeasurable parameters of the system {x(0),up, e^,ra,n}[86].
Recognition of the importance of correlated states has been considered in the correlation function approaches of many body interactions[19]. Jonscher notes however their limited usefulness
since analytic methods used require sums of many terms before convergence to a full description.
Using only a few terms leads to a poor convergence so that analysis is compromised[108].
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Figure A.3: T h e potential energy model of the M a n y B o d y theory
The high energy permittivity e ^ is not considered in D H theory because mechanisms responsible for it reside in the optical domain of resonance response.
Until D H theory, the aim of dielectric spectroscopy has been to determine the
temperature, pressure and extrinsic (material processing) dependence of x(0) and
wp, which are respectively the low frequency limit susceptibility X R ( U ; ) U - > O and
the relaxation rate constant. D H theory is particularly concerned with the spectral
shape of x(w) (i.e. behaviour of (A.7)), as characterised by ra and n, which
significantly constitute one half of the set required for dielectric polarisation.
D H theory is constructed from a model that considers the cooperative interaction of many charge-carrier systems (bound orfree)in an interacting medium[42,
43]. It constitutes an added complexity to the conventional picture of the twolevel, double-potential well, used to analyse polarisation (interfacial specifically),
and conduction loss.
The complexity of multiply interacting individual systems adds to the conventional well picture by splitting the troughs of the potential relative to one another,
to cover the extended energy range 2Beff depicted in Fig. (A.3).
The potential minima which are the preferred orientation of the charge carri-
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ers, are themselves further modified by a broadening that represents the distribution in energies amongst the correlated states (2Bcorr).

T h e appearance of this

narrow energy band 2BCOTT, is not part of the conventional one-particle band t1 ory of solids. The energy states are instead attributed to entropy effects and mi :
charge-carrier interaction.
Besides the contribution of E (as previously outlined in conduction loss etc.),
the splitting 2Bcorr, is n o w also taken as a function of the occupancy (kBTcp) of
the two minima (i.e. of the net dipole m o m e n t (p) as a result of interaction) and
the configuration of the local potential B in the vicinity of charge carriers (e.g. the
Debye screening radius[105]. Thus
Beff = X(E)

+ qTransE

where (frrans is the dipole m o m e n t of the transition, X(E) is the interaction energy
of first order and E = kBTc, where T c from a little earlier is the critical temperature
that relates to the strength of interaction. Beff leads to a non-linear equation for
the equilibrium dipole m o m e n t [82, 86]

ft = tajlh

(tr)

For a bulk system perturbed by E the relaxation to pe from p is assumed to take
place by three types of transitions.
Using the D H diagram (Fig. A.3) these are identified by the paths a and a',
b and c. Types a and a' are called large transitions and refer to relaxation rates
T in the vicinity of l/up. Relaxation paths b and c are small transitions with
rate constant n » l/up and rc «C l/up. A large transition describes a thermallyactivated single particle (i.e. charge carrier) being elevated over the barrier energy
A after coupling with an appropriate phonon. Thermal relaxation to the lower
minimum invokes emission of a similar phonon. Physically, large, corresponds to
the particle jumping a lattice space. The structure within which the particle moves
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is regarded as a rigid and has a high coefficient of elastic restitution. D H theory
gives the depolarisation current (rate equation) for large transitions to be
h(t) =dp=

-upjf

in which

and VA is the thermally activated jump frequency. Transition a! will be considered
shortly after describing transitions b and c.
If therigidityof the structure supporting charge carriers is eased and m a n y
body interaction replaces single particle treatment, transitions b and c relate to
local structural distortions or adjustments. S u m m i n g these distortions over the
correlated states equates to a resultant particle alignment that is equivalent to the
effect of a large transition. This shuffle a m o n g configuration arrangement has
been called configurational quantum mechanical tunnelling (QMT)[86].
To return to a'; a' refers to a partial or wholly tunnelling-assisted o transition.
a' transitions are forbidden to particles heavier than electrons or protons.
The local cooperative perturbational arrangements amongst inter-atomic positions may proceed by either non-thermally activated configurational tunnelling (b
transitions), or by thermally activated tunnelling (c transitions).
If X(E) = 0, so that there is no cooperative effect or correlation a m o n g particles, their motion under the local electric field (Eioc(u)) is oscillating and positional hysteresis about equilibrium centers is observed. However if X(E) ^ 0,
the (-Ejoc(w)) associated with a particular cooperative group of particles is continuously modified by the motion of correlated groups elsewhere.
For theflipor b transitions, the average energy of excitation within the half
occupied energy band is

M-f-WWjE
Jo

E
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(A.9)

where N(E) is the distribution density of excitation states which is assumed constant.
The simplest solution to the integral (A.9) sets X2(E)N(E)

of the integrand

equal to nE which gives a logarithmically divergent number of small energy excitation. Thus
B = nBcorj.

since 0 < B < Bcorr, 0 < n < 1.
DH[86] apply second order perturbation theory to give the shorttimedevelopment of the flip-depolarisation current response, which is
i2(t) oc (Bcorrtyn
for t such that
1
ticorr

<t<

1
—
bjp

The c transition however does not lead to a depolarisation current. Instead two
oppositely directed flip transitions are synchronously generated in different local
regions of the system. The virtually effective dipole moments of each sum to zcio
leaving p e unchanged. Thisflip-floppair correspond to the excitation energy being
redistributed among the correlated states and has the effect of retarding the a, a'
and b transitions. The combined c fluctuations represent noise in the dielectric
system (which includes 1/v noise) [85].
The flip-flop fluctuation takes place within its o w n energy band of configurational states of width 25^, rr . In a similar development to (A.9), the index ra
relates B', the average excitation of correlated states with the half width

B^

B' = mB'^ ra : 0 < ra < 1 (A.10)
Second order perturbation theory applied again to the logarithmically divergent
number of excitations of small energy hu < kBT, gives the depolarisation time
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law
i3(t) oc tm~l , t >

u,
The two currents generating transitions (a, a') and (b) are competitive and the
measured relaxation current of the interactive system is given by their product
subject to the retarding limit of the fluctuations from c transitions. The current
density J(t) is then
J(t) oc f(t) = (h(t)i2(t))i3 oc t-ne-^Fl (1 - ra; 2 - n; upt) (A.ll)

where F£ (1 - ra; 2 - n; cjpt) is the confluent hyper- geometric function3[19
The complex Fourier transform of (A.l 1) more conveniently gives
X M = x ( 0 ) F ra,n, u

(A. 12)

u%
where
X (0)

oc 1 - Pe
kBT

(HE)'
i^\(i-?e)
\k T

p

B i

and
UjY F2
FLnA)Ur, = (l + i
U

1 — n, 1 —ra;2 — n; [l + i u

n

-I

Ur,

is the Gaussian hyper-geometric function! 190].
Equation (A. 12) is the culmination of D H theory. It provides a closed form solution of the response x(^) in terms of the shape function F(u/up) and amplitude
function x(0). Equation (A. 12) givesraand n as spectral shape factors to x(^)
and each corresponds to a particular cooperative process in the dielectric. A significant corollary of (A. 12) which has the shape factorsraand n effectively deimtd
as the ratio of the average energy recovered from among cooperative excitations
The hyper-geometric function is generally defined[100] by the power series F(a, b; c; z) =
l+

trcz + ^Syj+y**' + • • • and satisfies the equation z(l-z)^
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+ [c-(a + b + l)z] fz -

to the m a x i m u m stored energy a m o n g the correlated states, is the result that residual energies (1 - m)B'corr and (1 - ^B^r

arises as structural energy[86]. The

residual energies are irreversibly spent a m o n g Q M T since the energy cannot be
relaxed through the charge carriers to the phonon bath, ra and n are consequently
indicies that convey information about the structural uniformity of the dielectric
that host the charge carriers.
More specifically, the limit m,n

—> 1, corresponds in their respective cases

(A.7b, A.7a) to complete correlation while the limitra,n —>• 0 corresponds to a
complete absence of correlation. Equation (A.8) is therefore seen as the limit of
strongly correlated consecutive flip transitions (u 3> up) which is characteristic of
a strong structural order in the dielectric (e.g. well ordered crystalline systems).
Conversely for u <C up, Xiiu) °c x(0) — XR(U)

°CujTn- The flat loss is char-

acteristic of an intrinsic response after other loss mechanisms (e.g. dipole) have
been purged or the system is lowered in temperature. Besides being frequencyindependent, (A.8) is virtually temperature-independent which also implies that
thermal activation is negligible.

Temperature Dependence of %(o;)
The temperature dependence of x(w)[84] is most clearly reflected in its shape
factor F(m,n, (u/up)).

It is distinctly insensitive to temperature except about

w « ojp at which point it narrows and approximates to the ideal Debye form. With
increasing temperature therefore, ra increases and n decreases. This is an indication of an approach to a structural phase transition or of increasing entropy since
m is related to the noise fluctuation of flip-flop transitions. Under such circumstances, (A.7) implies a complementary decrease in correlated flip transitions.
In regard to x(0) as a function of u;pT[40, p286], D H theory leads to
Xl{0)max OC Unv kBT ± X(E)
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with the result that for dielectrics in which X(E) is essentially independent of
temperature (implying the presence of a phase transition) then Xiitymax, the maximum amplitude of the loss peak, is related to up as

XMmax OC U^1 kBT ~ X(E)

This could never be evident in the empirical one-parameter formulae that are built
from statistical distributions #(r) of multiple relaxation times.
A supplementary point to the discussion of D H theory thus far is m a d e in regard to x/> as it must additionally incorporate dependence upon thermal activation
of defect concentrations. Defect-induced dipole moments would each be uniquely
described by their respective magnitude of response xo and temperature dependent
rate constant up. A s well, the non-Debye parametersraand n characterise a shape
function F(u/up that describes the ensemble-average of the resultant current density (A.ll) that arises from the competing relaxation paths (Fig. (A.2)). The total
absorption xi

mus

t properly be proportional to a s u m over all shape functions

weighted with their respective defect concentration.

The Theory of an Energy Criterion for the Universal Dielectric Response
The universal dielectric response is the flat with a, negligible frequency-dependei.t
shape, characteristic in Xi{u) and XR such that Xr ^ XR- For frequencies u > up
his universal response given earlier in (A.8) is

44 = cot (n^) u^up (A.13)
XR(U)

V 2/

and for the region of low frequency dispersion ( L F D ) (Fig. (A.l)) u <C up was
later[108] determined to be

(m=)
AXR(U)
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(A.14)

where A X R ( ^ ) is the complex specifically decrement 4 .
To reiterate from earlier in this section, such relations are remarkably c o m m o n
in widely diverse systems that include:
• dipolar material ( eg polymers and glasses both above and below the glass
transition temperature[84],
• inorganics (eg oxides in single crystal or ceramic form),
• L F D in p-n and Schottky diodes[112],
• LFD in hopping electronic systems (eg amorphous semi-conductors),
• ferroelectrics[83],
• L F D displayed in most biological systems,
• L F D in surface conducting systems (eg humid porous media[160] and
• delayed luminescence manifested in carriers released from deep traps into
active centres [107].
A n alternative, and perhaps yet an equivalent or even more fundamental understanding for the experimental observation of a universal dielectric response in
solid and liquid dielectrics has been proffered by Jonscher [103, 111, 109, 108,
110] in terms of an energy criterion.
The energy criterion is that the ratio of the energy lost per radian W\ to the
energy stored Ws at up is constant, i.e. frequency invariant, thus

wM _ XrM = cot / xx
w,(«) x « M
v2
^he dielectric (or specifically) decrement is a mathematical device to describe a shortfall in
the specifically \R with respect to the static specifically X(«)|UI-M>.
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Consequently the energy criteria also satisfy causality according to (A. 13) and so
inevitably lead to the same fractional power laws
X M

=

X R ( W ) - *X/(w) =

A^u)"-1

u^>up

(a)
(A.16)

AxM =

xM-xM

m

= B(iw)

u<up (b)

where A and B are constants and B = A(n - l)/ra withraand n in the domain
[0,1] as before.
In ref.[lll] Jonscher has established the continuity relation
'micro

'macro

r*l

°micTo

Smacro

I

where Wj m i c r o is the energy lost per reversal of every dipole and WSmicro is the
energy stored. Wimacro

and WSmacro have the same meaning but with respect to

the loss and storage of energy at the macroscopic level, pi is defined as a loss
dipole moment and p as the dipole moment. The key result was to relate pi to the
microscopic' energy loss per dipole reversal A by
A = (jfiiEo^ = | cot (n^j pEQ (A. 17)
which hold p\/p = cot(n7r)/2). Here E0 is the amplitude of the exciting electric
field E = Eoe?"*. This expression is determined to be the necessary and sufficient
the basis for the so called universal dielectric relaxation given by (A.15,16).
The index n in the energy criterion theory is now connected to the degree of
energy loss per dipole reversal as compared to the degree of dipole-dipole, dipolelattice correlation (i.e. an index of entropy) in the many body theory of Dissardo
and Hill.
Criticism of Jonscher's argument for 'universality' of dielectric response and
Dissardo and Hills' many body theory has been found mostly in Cole[71].
Cole concedes a general consensus that liquids and solids dielectrics manifest
often large deviations from exponential Debye (ie, uncorrelated units of specif343

ically) behaviour at both u <

up and u >

up and that m a n y body effects are

responsible rather than sums of simple relaxations.
Cole identifies an absence of certain (unspecified) key features in the D H
model that leads to non-exponential relaxation, to alternative relaxation models
that are more specific to a given material that likewise yield non-exponential behaviour. Cole elsewhere noted that while D H theory is dependent upon correlated
dipoles (though free charge carriers are also considered), no such mechanism was
evident in polymer-chain models. In view of these concerns Cole cautiously e m braces the M a n y B o d y theory while maintaining specialist formulations to remain
valid. A strong assertion is m a d e that one m a y cite other authors (none given
however) w h o have applied a variety of analytic functions which, w h e n s u m m e d
over normal m o d e s (that have no power law dependence) yield fractional law-like
behaviour over similarly wide time/frequency domains.
One last main contention from Cole is the practice of time (or frequency)- temperature superpositioning (normalisation5) of data. This was the means whereby
Jonscherfirstobserved the universal frequency-independent behaviour of m a n y
various dielectrics either side of up to high order. Cole cautions that, so long as
the form of the frequency-dependence is itself a function of temperature, a distorted representation follows. In the m o r e c o m m o n l y used linear (x)-log (u) normalisation technique, only up and %(0), and not temperature dependencies, m a y
be reliably obtained[86].
Hill and Jonscher are aware of Cole's criticism. Hill and Jonscher gain full
benefit of the normalisation procedure (in the dielectric context) by representing
their data in log-log co-ordinates of x ( ^ ) versus u. This affords the benefit from
Normalisation is a procedure for overlaying multiple data sets obtained under varied c:
ditions of an independent external parameter, such as temperature or pressure, by re-scaling tue
abscissa and ordinate axes. In the case of dielectrics, the common shape of (xfi(^),X/(w) are
emphasised by re-scaling the characteristic frequency up and amplitude x(0).
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the fundamental property of (31)[86, p77] that the normalised response is invariant under changes in x(0) and up. This enables derivation of the shape function
F(m, n, u/up) as well as temperature- dependencies of up and of x(0). The first
criticism that a log-log representative can be m a d e to prove anything is not well
founded in their case where x ( w ) is governed by power laws from which there is
no obscuring of the gradients ra and 1 — n, from (A.7).
At certain stages [111] Jonscher has been careful to qualify the sense in whic a
his use of the description universal is to be understood in reference to his relaxation theory of dielectrics. This is that, in thefirstinstance a statement of experimental fact is being m a d e and only secondly is a claim-to an all-embracing theoretical interpretation being made. In particular Jonscher, in speaking of his energy
criterion, does not claim a comprehensive treatment! 108]. Rather in any given
dielectric, x(w) does not necessarily exactly follow (A. 16) over any frequency
domain. Instead complex behaviour in the superposition of various specifically
mechanisms m a y be in operation, but (A. 16) is generally true in that they represent the simplest approximation to the widest range of available dielectric data.

A.3 Dielectric Measurement Techniques
Having briefly reviewed the susceptance of solid state dielectrics to specifica1through various mechanisms, a further review is n o w m a d e of experimental techniques for susceptance measurement at microwave frequencies (0.3 - 300 G H z ) .
Particular emphasis will be given to the sources and magnitudes of measurement
error that arise during heating of dielectric samples in temperature-dependent
studies of the dielectric constant.
In the review, the essential elements of analysis in each dielectric measurement
technique are given, that lead to theirfinalformulation of KI(U).
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Measurement

error Ak{u) in estimation of k will be seen to partially lie in the limitations ff
analytic models and in the various paths of their numerical solution.
The established techniques of dielectric susceptance measurement at microwave
frequencies are the open-ended coaxial transmission line, resonant cavity (typically cylindrical but also rectangular) and the Backward W a v e Oscillator (henceforth B W O ) . The first two are particularly considered, since dielectric data obtained by them are to be presented in the Results chapter. The B W O is considered
mostly in its relation to F T I R spectroscopy. B y the very nature of its operation and
measurement principle, the B W O bridges classical microwave and ir techniques
as it employs the best features from each.
The B W O , though not used in this thesis, is further included in the reviewed
for completeness. It constitutes a standard of measurement precision for its waveband of operation. It affords a particularly accurate temperature- dependent dielectric analysis and provides an experimental check between extrapolated i <•
electric data and those data obtained by traditional microwave techniques.
The review amongst dielectric measurement techniques is undertaken to particularly assess the merits of infrared reflectance spectroscopy as a ready means
by which temperature-dependent dielectric data at microwave frequencies might
be attained. O f most concern is the comparative total error in k(u) that arises
in reflectance spectroscopy and the mathematical analysis of reflectance spectra
when deriving the dielectric dispersion and absorption curves.

A.3.1 Transmission Line Methods
The Open-Ended Coaxial Line Sensor
Complex permittivity measurement with the open-ended coaxial line sensor proceeds along one of two views which treats the structure as either a transmission

346

line or waveguide 6 . A t microwave frequencies, the approximation to a transmission line, while making for convenient and simple analytic solutions of an equivalent network, is compromised[72] by the assumption that an equivalent network
model is independent of KI(U) and that the coaxial line will not radiate into the
dielectric (i.e. will not become an antenna). The equivalent network models fringingfields[224]that are present at the open end of the coaxial line while it is terminated with aflatdielectric slab. T h e alternative waveguide analysis is rigorously
developed[153] from the requirement of continuity in the magneticfieldintensity
(H) at the interface where the dielectric terminates the open line. The as sump L ,
is made that the coaxial line is lossless and that the relative permeability pr of
the dielectric is unity. In reviewing the principle of dielectric measurement using
the coaxial line, thefieldmatching method of waveguide analysis will be developed, since this was the basis for some of the dielectric measurements m a d e at
Nottingham University which are to be referred to later (see also Appendix E for
a schematic outline of the apparatus).
Lewin[128] developed a field analysis for a radiating aperture based on a single dominant mode, which Mosig[153] later tightened to incorporate evanescent
modes which arise, in reality, to preserve symmetry conditions[72] w h e n using
circular cylindrical guiding structures.
The analysis of the open-ended coaxial waveguide is considered by matching
fields about the plane of discontinuity (z = 0) at the termination of the line that
abuts theflatface of a dielectric. T h e electric E and magnetic H field intensities
within a coaxial waveguide of inner radius a and outer radius b, such that a < p <
b, are
6

Since the resistivity of a conducting line is proportional to its resistance, which in intern is

proportional to the signal frequency as y/v, it follows that signal propagation along a transmission
line becomes impractical at microwave frequencies and a distributed (as opposed to a lumped
element structure is required (i. e. a waveguide).
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Ep

E0{fQ(p)e-^™z

=

K* =

+ Z%LQRnfn(p)ei™°n>}

E0{^fo(p)e-^^

(a)

+ Ertoz^-n^fn(p)e^on^

(b)
(A.18)

-*

—*

where Ep is the radial variation in E, H^ is the circumferential variation in H and
EQ is the arbitrary peak amplitude in Ep. The amplitude Ep is the superposition
of a forward travelling (e~^TEMZ) wave, with propagation constant
evanescent reflected (ey™onz) waves, with propagation constants

ITEM,

7TM0„>

and
whose

respective reflection coefficients fQ(p) and fn(p) are radial functions defined by

,/o(p) = f
Snip) = w B {Ji(M^o(M)-yi(M«MM)}
where

iV0 and ATn are normalisation factors in which Jm(x) and Fm(x) are Bessel functions of order ra of thefirstand second kind respectively. The eigenvalues hn
{n > 0) satisfy the boundary condition fn(h) = 0 since only the transverse electromagnetic (TEM) m o d e m a y propagate in a coaxial waveguide. The factors
ZTEM

and

ZTM^

are respectively the transverse electromagnetic and transverse

magnetic wave impedances which are defined
ZTEM

= . 7Tg,MN

ITEM

= wJieR{u)c
IUKR[U)C

' ZTM0n=

r7™(\
IUKR[U)C

lTM0n = y/kn ~ U2KR(U)C
v

and ««(w)c is the complex dielectric constant of thefillerdielectric of the coaxial
waveguide.
The magnetic field intensity in particular, established in the dielectric sam;,

348

due to Ep, also propagates to some extent and is given to be[153]

H*(p,z) =

lT M
n

* fbdp'Ep(p)p rd^e-y?™cosV
^ZiTEM

Jo.

Jo

r

in which r = \Jp2 + p'2 - 2pp cos V and \& = ^>-(j>. The ordered pair (p , <jj) are
the transverse coordinates of an equivalent magnetic surface current distribution
at z = 0 and \r\ is the vector displacement (p, </>, z = 0) to (p , <j> ,z).
Applying the boundary requirement of H being continuous at z = 0 requires
H+ (p',z = 0"1) = H+ (p, z = 0+) (A. 19)

in the dielectric may then be expressed in terms of Ep. With z — 0, the res
expression reduces to
oo

£

RnTn = 1

(A.20)

n.=0

in which
VTTM0„

«(W)C

J

\JTEM

K(W)C

,

and where
1
In=lT

rb i
i r2n 1
P dpSn{p ) / d * - e - ™ COS *

Z7T J a

JO

r

and «(w) m is the complex permittivity of the dielectric sample.
Exact solution of the field match (A. 19) over the interval (a, b) is relaxed to
solving (A.20) when truncated to a certain number of leading terms, since (A.20)
is a rapidly converging series sum. Mosig[153] empirically determined that'
field match could be approximated by covering the interval (a,b) with N concentric rings (or viewed normal to the 2-axis; as points) having radii

'b-a\
2j-V
b-a\ (fj-1
j-1 , 2j-l\
The set of N truncated series sums (A.20) results in a matrix equation with R^
unknowns (n = N). This therefore has been termed the point matching method.
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For Mosig, the point matching took place in the so called, forward direction.
The intention was to determine the experimental reflection coefficient Vm(u) from
k(oj)m. Grant et al[72] have developed the more useful inverse point match to
determine k(u)m from r m (cj). Given rm(u), k(u)m

is determined as the root of

the function
F ik(u)m) = Ro (k(u)m) - rm(u) = 0

(A.21)

using the Newton-Raphson iterative method of solution. The root of (A.21) is
therefore successively approximated from the initial guess

by

[*(-U+1 = w«u - £ g g
where F" [k(u)m] is the derivative of F with respect to u.
Calibration and Error Analysis
Blackham[13] has summarised measurement uncertainty in k(u) to reside in 'he
model of the dielectric- terminated transmission line (i.e. equivalent net T ,:'..
inverse point match) and in the measurement apparatus. The model contributes
the most significant source of error to the net uncertainty in k(u) and leads to an
inaccuracy in the order of 1 0 % in ki(u).
The apparatus typically consists of a vector network analyser ( V N A ) and flexible coaxial line. Measurement error due to the apparatus is isolated! 13] to a
random signal to noise (S/N) error of ±0.001 coming from residual air gaps at
the interface of probe and dielectric and, in frequency and temperature-dependent
systematic errors in r m (u;). Frequency-dependent systematic errors for V N A transmission line networks are routinely corrected for by determination of the
network scattering parameters. These resolve the directivity D (Sn), tracking
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T (5i2 and S2{) and matching M (S^) of the network, and each is respectively
obtained against the calibration standard of an air (open), metal (short) and 50ft
characteristic impedance-match termination of the coaxial fine.
The calibrated spectral reflection coefficient Tm(u) is related to the measured
reflection coefficient Tm> through the scattering parameters as

r = D+

-

r^h <A-22>
m

Temperature-dependent systematic errors are isolated by noting the increment in
the phase of the reflection coefficient as the dimensions of the probe expand. Arari
(et.al.)[4] have described such a calibration exercise. Neglecting radial expat;:
the plane z0, that defines the termination of the coaxial line, is axially displaced
a distance z = zo + Az. T h e increment Az to the line is assumed to be lossless
(i.e. Sn = S22 = 0 =• D = M = 0 and e - ^ T E M A z ) , with
rmL = Sn+

S2

^' (A.23)
1 ~ b22Lm\z>

Therefore
— I1 m|zol c

where Tm\zi = |r m | Z o | and (f>\Zo are respectively the magnitude and phase of the
reflection coefficient at r o o m temperature. T h e influence of temperature on rm\z>
is estimated by Az being treated as a power series expansion in temperature T,
thus
00

J

Az = £aiTi.
i=0

A.3.2 Resonant Cavity Perturbation
Cavity perturbation (CP) m a y be regarded as a transmission line technique whereby
an inductively-coupled resonant cavity is n o w the tenninating load. It is suited to
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dielectric measurement of low to m e d i u m loss (0.0001 < tan 5 < 0.001) dielectrics. In contrast to the continuous broadband frequency technique of the
coaxial probe, C P permits measurement of k(u) only at discrete frequencies.
These frequencies correspond to the n u m b e r of resonant electromagnetic m o d e s
that the cavity dimensions permit to be excited. Its advantage over the coaxial
line probe in measurement of k(u) is the comparative ease in sample preparation.
A powder-compact of the sample is sufficient, whereas for the probe, the least
requirement is for the sample to be sintered and the face for measurement to be
flat and smooth (Ra < 0.3pm). It is further required that the sample have an area
that overfills the face of the probe in order to minimise fringing-field errors. A
further advantage of the C P technique is that it admits exact solution of k(u) from
analytic expressions.

Principle of Measurement
The C P technique for measurement of k(u) was first developed by Beth and
Schwinger[10]. T h e technique is based upon the effect of a dielectric to lower
the Q and resonant frequency of a cavity w h e n introduced into the volume of the
cavity. These effects are related to a geometric distortion of the electromagnetic
field patterns of the resonant (iTE, T M ) l m n ) 7 modes[28] and are experimentally
equated to a small percentage change in k(u) of the cavity[194]. A n exact calculation of the complex frequency shift[194, 220] based only on an assumption of
1

TEimn

and TMimn

are the transverse electric and transverse magnetic cavity modes, es-

tablished within a length of guide of arbitrary cross section, being terminated in two places by
shorting walls. Waveguides, being generally either rectangular or circular in cross section, lead to
a rectangular prism or right circular-cylinder resonant cavities. The subscripts I, m, and n in the
rectangular case refer to the number of half periodfieldvariations in the width, length and height
respectively; and for the right circular cylinder, I, m, and n refer to the number of tangential
full-period, radial half-period and axial half-periodfieldvariations, respectively.
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perfectly conducting walls is
&L-&J
•

_ Sv.aTnpledVs{ik*E- kL) EEEL
—

WL

P

+ (pE - pL)

—

HEHL\
.

Ivcavity dVc {kEeoEEEL

+

i-.

/ A 241

pEpoHEHL}

where subscripts L and E indicate a sample-loaded and empty cavity and, s and
c refer to the sample and cavity, k as before denotes the complex permittivity,
with k* as its complex conjugate. The permeability fi is similarly complex with a
complex conjugate p*. The factor po has its usual meaning as the permeability of
a vacuum. The complex angular frequency u is particularly defined as

E and H are the electric and magnetic field intensities having maximum
values Emax and Hmax respectively.
With the assumption of p = pQ, a dielectric when introduced into a region
of high electricfield,will induce resonant mode frequency perturbation Au =
vE - vL and damping A(l/Q) = (1/QL - 1/QE). The left hand side of (A.24)
may accordingly be resolved[28, 93, 161, 227] into its real and imaginary parts,
which are more amenable to experimental measurement, so that

uL

VE

2 \QJ

For perturbation of the electricfieldin particular, (A.24) is reduced[173] and related to kiu) as
k = KR - iKi = 1 + (A - iB) f)s
in which

,

nlVcAi/

T)c Vs
'VcV. Q
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»E

(A.25)

2

iv. EE dV
E2

V

JVa EEELdV
In (A.25) nc is the shape factor of the resonant cavity and ns is the shape factor
of the sample. Each is independent of £ m o x , Vc and Vs. The factor nc rather,
is dependent on both the cavity shape and, the resonantfieldmode. The factor
rjn is generally complex and besides its shape, is a function of the electric field
distribution within the sample. M o s t work by authors has been concerned with
the treatment of na since approximations in it are the main source of error apart
from measurement error.
The principal constraint in (A.24) upon accuracy is that there be a m i n i m u m
field perturbation within the cavity upon insertion of the dielectric. Measurements
therefore have traditionally been performed with a long thin cylindrical sample.
Allied to this, most work has been done in TMQW

excited cavities since there is

no axial electricfielddependence and hence the sample length need not equal
the cavity length. A partial review of measurement practice has been m a d e by
Chao[28] up until 1985. Then and now, most work has been concerned wi:'i
obtaining an exact expression of (A.24) for a given arrangement using an extended theory for the electricfieldwithin the dielectric rather than for its shapefactor[129,148, 161,173].
Hutcheon et al[93] note that only ellipsoids of rotation for sample geometry
lead to analytic solutions of (A.25). Chao[28] therefore has worked with spherical
samples and develops an understanding of the internal electricfielddistribution in
terms of the sample specifically using the extended perturbation formulation of
Brodwin and Parsonsfl, 20]. However Hutcheon, in an extension[94] to his earlier work[93] has constructed a means for numerical transformation of ns, based
upon ellipsoids of rotation, to the more practical shape of a cylinder. A d a m s [1]
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has particularly noted that an inaccurate analysis follows for the immediate approximation of a cylindrical sample with an ellipsoid.
For experimental practicality, a cavity of radius a and height b, is designed
to excite T M 0 m o modes. These modes are solved from the homogeneous vector
Helmholtz equations

V2E + k2E = 0
V2H + k2H = 0
in cylindrical polar coordinates (p, <fi, z)[30]. They are particularly desired since
E and H have radial dependence only with E = Emax at radius p = 0. It is here
that the sample is admitted. The E and H field distribution is determined! 148, 35]
in the regions 0 < p < b and b < p < a. Continuity of Ez and H^fieldsaero. •
the boundary from void cavity to sample at p = b lead to determination of k(u)
from
CxJ2(hb)
1
2
2
C2J (hb)jTMb
and from boundary conditions the arbitrary constants Ci and C2 are determined
as
d = J 0 iPa) n {fib) - Jx (J3b) Y0 (/5a)
C2 = J0 {0a) y 0 (^6) - Jo W

Y0 (/3a)

where /3 = 27r/A is the propagation constant in the void of the cavity. Equation
(A.26) may otherwise be more directly expressed as
KR{U) - IKI(U) = Jt (hp) £ j (l + 2 ^ ) + i8 (^j |

Calibration and Error Analysis
Calibration has been treated either numerically [1], in which exact calculation of
S{Av) and 6(A(1/Q)) is m a d e from the analyticfieldexpression of perturba355

tion theory (in conjunction with instrument errors that are otherwise allowed for);
or absolutely, in which known materials are used to standardise the perturbation
response[94, 173], Dielectrics that are used as reference standards are polytetrafluoroethylene (PTFE)[173], quartz[173], single crystal sapphire[94], metallics[173]
and high purity copper[94]. Xi[231] has alternatively generated calibration curves
dKR(u)/d(Av) anddfi/dKR(u) for which KI(U) = /3A(1/Q) and/3 = ««(wV- r FL is the sample loading factor. KR(U) and KI(U) are therefore directly obtain
by multiplying thefirstand second calibration curves by Au and KR(U) respectively.
Measurement error in k(u) is a function of the aspect ratio of the cavity and
dielectric sample. These are accounted for by a real term constant[93] which is a
construct of the relative shape factors of the sample and cavity (na/etac. Cavity
and sample dimensions m a y be designed to minimise shape factor error[231],
though this is not sufficient for good accuracy[173]. The most significant source
of measurement error is uncertainty in Av and A ( l / Q ) which may be minimised
by additional measurements of adjacent modes[173].
Besides errors from the relative shape and dimensions of the sample with respect to the cavity and, instrument meter error, Meyer[227] and Li[129] have considered the additionally significant insertion loss error peculiar to cavities that
have the sample load their volume through an insertion hole. Expressions aie
accordingly developed for the error in permittivity Ak(u) together with a quantitative condition for the range of applicability for the cavity perturbation technique;
namely that a factor K does not depart greatly from unity. Therefore

K =

Au
l-2—
vL

where
'

v
r ( \
i \ i •
K = [KR{U)L
+ KR{U)E]
+

SVJVOKRJU)E\EL\2
. |2

Jv dVs\EL\
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and

Av
v
1 -

KR(u)L

X

¥{^^)^(t,1;)}{(^i+(2-,)(t)'}
t-f(M{(?*3)2 + (2-«)(^)2}
^(M{(?|)2 + (2-«)(^)2}
This relation holds for TM0mq

cylindrical cavities[227] (q = 0,1). To recall, d is

the length of the cavity and /i0i is thefirstzero of the Bessel function of order 0.
The error from the absolute value of the sample susceptibility is variously labelled, but generally considers thefieldthat is applied to the sample to be uniform.
Theoretical errors in KR(U)

and a(u) (i.e.

KI(U))

decrease with increasing sam-

ple radius a. Herein lies the competing requirement for optimum cavity perturbation performance: measurement theory requires a minimumfieldperturbation
and hence a small sample is desired. However, measurement error in Au and
A(l/Q) is increased to ultimately give large errors in k{u). Using a large sample
diameter, while reducing measurement error in Av and A(l/Q),

compromises

the applicability of the theory which assumes a uniform field distribution within
thedielectric[l,28, 231].
From an error model based solely upon measurement uncertainty in Av and
A(l/Q), while assuming a uniform electricfielddistribution within the sample[28],
uncertainty in o(u) (oc KI(U)) and KR(U) are determined from the matrix equation
Oil ^12

KsHi)])= ,

A

021 022
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a
««

in which ay are functions of Av and A(l/Q) which are calculated according to
the mathematical development of ns in terms of a specifically factor for an external
quasi-staticfieldarrangement[20].
The work is extended to some degree, firstly by Hutcheon[93] and then more
generally by Pohl[173] w h o subsumes the work of Hutcheon (et.al.) [93, 94].
Hutcheon considered the static electric field distribution in an ellipsoid of rotation
while Pohl remains with cylindrical geometry and determines shape correction
factors that follow from the electricfielddistribution no longer being constant
once the sample is placed in an homogeneousfieldat Emax. The shape factor for
cylindrical geometry is a function of the aspect ratio (diameter D = 2a I length d).
In an earlier study by Pohl[172] it was shown that the real part of ns was linearly
dependent in KR(U) atfixedD/d (tofirstapproximation) such that
Vs = ncyi + k(u)Scyi
where S^i is the depolarisation factor
l
c (D
+ +\\
Vc Vs
Scyi 1-7 = constant] |*^I-JU, = -^ = _~Kjly

that equates to the slope of the na curves and ncyi is the intercept at D/d = 0. Th
error-corrected k(u) is then given as
K(W)

-\1+ (1-S^Af + S^B2 "J '{(l-S^Af + S^B
(A.27)

where A and B are constants.
For materials with tan 6 < 1, (A.27) is simplified to

««) = {1+ !_^ \-*[ {1-Scyl)2 j
For 2 <
and AKI(U),=

KR

< 3, Pohl[173] gives at 2.399 G H z , AKR(U)
± 1 0 % of KI(U). In the treatment of Xi[231],
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= ± 5 % of
AKR(U)

KR(U)

at 3 G H z is

±2.4 - 6 1 % and A tan S = 7 % (using a 40 d B directional coupler) to 2 5 % (using
a 30 dB directional coupler). Chao[28] studied Ak(u) at 10 G H z as a function of
sample radius b such that 0.75 < b < 15 m m , with the result that \Ao/a\
i

for 1 x IO 4 < a <

1, was 10 to 1000 % and 5 - ~ 1 0 0 0 %

/

%
\max

'

for A K R ( U ) . In the

last decade or so, only a few[l, 4, 93, 94, 173] have studied Ak(u) as a function
of temperature.
Various strategies have been adopted for temperature-dependent studies of
Ak(u), from constant heating of the cavity and sample[148] to using the microwave energy for simultaneous diagnostics and sample heating, to laser irradiation of a rotating sample for uniform temperature treatment 173]. M e n g (et.al.)
have heated the cavity and studied the variation in empty cavity Q as a function
of temperature Tfor 300 < T < 700 K according to

QE(T)

- y^mjfi

where

is the temperature-dependent resistivity and fn is the eigen frequency of the T
mode and traces the error in k(u) accordingly. They noted in the case of copper
above 100 K that p = p0 + aT where p0 « -0.315 x 10~ 8 for pure copper that
has a resistivity o; = 8.3 x 1 0 ~ u K'1.
Arari[4] otherwise uses a cooling cavity to negate error frequency shifts as a
result of thermal expansion of the cavity (see Appendix E for a schematic outline
of the apparatus). Xi[Xi] and Hutcheon[93] factor out temperature effects by
water-cooling the cavity walls. Xi noted the linear expansion of their cavity to be
approximately 2 x IO - 5 ° C _ 1 so that a A T of 10°C would result in A d = 0.04
m m for a cavity with length d = 20 m m . This equated to Av
and a

SKR(U)

= 0.06 M H z

= 1.3 which was negligible compared against both 6(Av) rr.-"1

W/Q)).
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Pohl on the other hand explicitly incorporated temperature-dependence, but
in the Av term. The errorfrequencyshift (Avp, p = an odd index) due to the
slight increase in cavity-wall temperature is superimposed upon, and comparable
to, AvPjK, due to the permittivity of the sample dielectric. The error frequency
shift due to temperature is given as
*&*

=

--***£- (A.28)
i/p>0

1+

athAT

where Ar/Pjo is the resonantfrequencyof the chamber at room temperature fo: i
TMomp mode
u

c (2hlm\2
pfl = 2'
2\\ TTd J

fn\
UJ

and ath is the thermal expansion coefficient that alters the cavity height and diameter as
d -• d' = d (1 +
a —> a = a (1 +

athAT)
athAT)

With water-cooling ath,AT <C 1 so that (A.28) simplifies to
^

S

-athAT

V

P,O

A.3.3 Free-Space Methods of Dielectrometry
Free-space methods characterise a class of spectroscopy that requires no conLi.uous guiding structure to transport signals. The signal is instead propagates as
described by the field equations of Maxwell and its guidance is governed according to the principles of geometric optics.
In free-space methods, temperature-dependent dielectrometry is at least advantaged by being able to separate the issues of sample heating and signal diagnostics. Two free-space methods will be considered. Thefirstis the Backwards
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Wave Oscillator ( B W O ) and the second is the Fourier Transform Infrared (Michelson) Interferometer (FTIR).
The B W O is perhaps the most ideal instrument for temperature-dependent
dielectric studies at microwave frequencies. Measurement techniques peculiar
to microwave technology and infrared (ir) spectroscopy m a y be combined by it,
while its operation occupies a frequency band (that at elevated temperature) excites most of the specifically mechanisms that were considered at the beginning
of this section. The B W O is famous as a high Q source at high intensity (~ 10
m W ) with high monochromaticity (Av/v

= IO - 5 ) and with almost complex

specifically (99.99%). T h e source is continuously tunable over several frequency
decades, and with quasi-optical instrument arrangements, can yield very accurate
absolute dispersion curves of k(u) or o(u).
The FTIR spectrometer ranks behind the B W O for quality and ready obtainment of k(u) data principally because transmission studies are generally still possible at high microwave (> 300 G H z ) whereas strong ir absorption precludes
FTIR transmission studies. This is notably the case for thin section (0.1 — 1.0pm)
engineering ceramic specimens. A n advantage of F T I R spectroscopy is that it is a
more c o m m o n and readily available instrument in most physical research laboratories.
In its usual configuration for power spectroscopy, knowledge of k(u) must be
derived through several stages of mathematical treatment of the reflectance spectrum, with unavoidable numerical errors added at each stage. These errors m a y
be avoided by re-configuration of the interferometer during reflectance studies
for amplitude spectroscopy Amplitude spectroscopy immediately yields n(u) and
k(u), the refractive and absorption indices of the dielectric, yet it is practically
constrained to room temperature study since it involves replacing the stationary
Michelson (optical)-mirror with the dielectric to be studied.
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Temperature-dependent amplitude spectroscopy studies are limited by two
practical concerns. T h efirstis replacing the Michelson-mirror with a dielectric
mirror. In particularly studying engineering ceramics, the powder is required to
be pressed and sintered to near theoretical density. This difficulty, though not insurmountable, is in manufacturing a sintered specimen having an area (50 ~ cm2)
equivalent to that of the optical mirror. The dielectric mirror must have a phi .
face polished to a surface roughness better than Ra <C lpm.
The second and more considerable difficulty is in heating the dielectric mirror
for temperature-dependent studies. Most commercial interferometers are built for
room temperature measurement, or else for cryogenic studies; few however are
custom-built for high-temperature studies. A commercial, or in-house built interferometer, must usually be modified to permit sample heating. The key difficulty
lies in accommodating the heating apparatus (T > 1200 K ) within the confines of
the ir-source compartment of the interferometer without obstructing beam paths
or heat-stressing near-lying optical elements. Sample heating m a y however be
achieved remotely from the interferometer by rastering a diffused laser b e a m over
the area of the sample after the fashion of Pohl[173]. This was not a ready option
for the work of this thesis.
The following two sections review the B W O and F T I R interferometer in more
detail with regard to their general accuracy and operation for measuring k(u).

The Backward Wave Oscillator
The physics of space-harmonic travelling-wave amplifiers, of which the B W O is
a special case, has been amply reviewed by Harvey[78] and Kozlov et al[l 19](and
the references therein ref).
In summary though, an electron b e a m collimated by an external magnetic
field, passes across the apertures of a sequence of periodically spaced cavities
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Figure A.4: Figure 2 of Kozlov et al[l 19]
(slow wave structure). T h e kinetic energy of the electron b e a m is transferred to
the electromagneticfieldestablished on the slow wave structure. The potential of
the slowing-structure m a y be varied to cause the electrons to bunch. T h e bunching is the velocity (or phase) modulation of the electron b e a m which constitutes a
secondary electromagnetic wave (Fig. A.4).
The B W O , otherwise termed the Carcinotron8, is so named where an electron
beam synchronously couples with the electric field at the aperture of each cavity. A circuit wave having afirst-order,reverse-space harmonic, is generated and
propagates against the direction of the electron b e a m (Fig. A.5)
Determination of k(u) is relatively direct with the B W O compared with conventional F T I R power spectroscopy. T h e B W O and F T I R interferometer alike
may be operated in either a transmission or reflection measurement mode. The
B W O however possesses the significant advantage of being able to measure the
phase shifts resulting from reflection ip(u) or transmission <p(u) in a separate procedure to the actual reflectance R(u) and transmittance T(u), respectively. ImCarcinotron: Greek for Crawfish which creeps backward.

363

SLOW-WAVE
STRUCTURE

ELECTRON-bEAM
VELOCITY
V„

CATHODE

PHASE AT
INSTANT B

Inli'iucl ion nl'aii ulcclron bi'um with a spuco liiinnoiiir. Tlie illuslrution
is drawn for »i = — 1 witli t)„ in the rcvorso direction.

Figure A.5: Figure from Harvey[78]

mediate application of the rigorous formulation of the Fresnel equations[18
89, 88,119] then directly yield k(u) in terms of the measured power transmission
coefficient (i.e. T(u)) and power reflection coefficient (i.e. R(u))

T ••

R =

c-2d

( 1 - R N ) 2 + 4 R N sin2(V>)
(l-RNe-W) +4RNe-2P sin2(a+V>)

/\

(A.29)

(l-e-2<9)2+4e-^3in2(a)

RN

(l-RNe-2f>) +4RNe-20aiD2(a+P)

(6)

of the dielectric being probed.

In T and R, which are spectral functions, the reflectance at normal inciden
is
RN

—

m —1
m +1

(n - 1)' + k'
' (n + l)2 + k2

where m = n + ik is the ratio rh\/m2 of the complex refractive indices of one
dielectric mi = ni+iki with respect to m 2 = n2 + ik2, the second medium under
study. The real and complex part
1

n + ik =

n2 + n\

{(nin2 + kik2) + i (nxk2 - n2/c,)}

364

are the index of refraction and extinction respectively. Further to equations (A.29)
a = n27r^ and /3 = rc27r%^
A

X

in which is the probing wavelength of the incident electric field

Ein^Eoe2*^-")
that propagates with a phase velocity Up at frequency v. The dielectric m2 of
—*

thickness d has side dimensions I ^> X so that Einc satisfactorily approximates
a plane wave front. The phase shift upon transmission (A.29a) and reflection
(A.29b)is
f e-20RNsm2(a
+ xj;) }
{ k (n2 + k2 - 1) }
ip = oi + arctan <
^-=
—.
-~r > - arctan < -—^—,.. .
{— >
y
2
2
2
[ 1 - e- PRN cos 2 (a + tp) j
\(n + k ) (2 + n)nf
and
I
2k
2
tp = arctan n + k2

-,}

respectively.
For experimental practicality and simplified Fresnel equations, T and R are
usually measured under the condition that the incident wavevector q is normal
to the face of the sample dielectric of index ra2- A n alternative to (T, ip) and
[R,ijj) measurement pairs is to perform two transmission measurements, varying
the sample thickness in the second case. The matrix equation of two equations in
the two unknowns (n, k) is readily resolved. This procedure is possible for sample
dielectrics when tan S =

KI/KR

<C 1, (i.e. are not highly absorbing).

Calibration and Error Analysis
The experimental arrangements of Ho[89] (Fig. A.6) andKozlov[119] (Fig. A.7),
best demonstrate dielectrometry in the moderate to high (30-40 G H z ) microwave
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Figure A.6: The microwave interferometric arrangement of Ho[89]
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Measuring channel of the spectrometer "Epsilon". 1, Radiation generator ( B W O ) ; 2, Teflon lenses;
3,absorbing diaphragms; 4,modulator; 5,network attenuator; 6,polarizer; 7,dividing grids; 8, thermostat
with Ihe sample; 9,mirror (phase modulator); 10,phase-shift compensator; 11,analyzer; 12,radiation
detector. The sections isolated by the dashed lines are not used in T(v) measurements.

Figure A.7: The microwave interferometric arrangement of Kozlov et al[l 19].
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frequency domain and in the very high (FIR) frequency domain (2-35 cm'1) respectively.
Calibration for T and R is as for the multiwavelength pyrometer to fo1!
in section 3.4. A n y given transmission ( or reflection) spectrum is corrected by
factoring out, by division or multiplication, the instrument function obtained when
in the transmission ( or reflection) mode. The absence of the dielectric sample in
the transmission arm (i.e. m = m i ) constitutes the calibration standard; and a
perfect reflection such as from highly-polished brass or aluminium (Ra <C lpm)
constitutes the reflectance calibration standard.
B W O s are characterised by an instrument function of high reproducibility (0.1
to 1 % in T and ~ lpm in Av) which is crucial for spectral term-wise division of
the T (or R) spectrum by the instrument function for T (or R). It is significantly
dependent on the speed at which the monochromatic output is swept over the
usablefrequencydomain.
Phase correction is achieved by subtracting the spectral phase recorded lor the
sample, from the spectral phase recorded for the standard. The phase in each cue
is measured by adjusting a phase-shifting element in the non-sample beam-arm
of the interferometer-like arrangement. This balances (or compensates) for the
phase of the T (or R) signal as indicated by a null detector reading. In the case of
Ho[89] this is achieved precisely by a phase shifting element and, the equivalent
of this at the quasi-optical frequencies in the experiment of Kozlov[118], by an
adjustable compensating mirror.
Kozlov has determined that, w h e n possible under identical experimental conditions, (T, up) measurements give more accurate results in n and k than either
[T\,T2) or (R, <f>) measurements (ref. 15 of Kozlov et al[119]). For samples with
d S 30pm; k(u) can be determined up to KR(U)

= 1000 with AKR(U)

£ 5 % and

&(u) 9* 100ft cm~l with Acr(u;) S* 1 0 % over the usable bandwidth of the B W O .
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Volkov[216] similarly reports from (T, tp) measurements for which T > I O - 4 for
non-magnetic material, an accuracy of 1 - 8 % in KR(U)

and 5 - 1 0 % in KI(U).

This is considered a standard accuracy for B W O spectroscopy.
Though equations (A.29) m a y be solved simultaneously to yield k(u), at any
arbitrary incident angle 9 9. Ho[89] has minimised measurement error by reducing computation to evaluation of the factor (a + ip). Using either the phase bridge
or byfixing9, the frequency of E is swept until a transmission m a x i m u m (reflection minimum) is encountered. T h e frequency corresponding to a transmission
maximum vmax was used to calculate k(u) according to

^<2dutx)+^^
and

2 [KR(U) - sin2 (9)]
ta,n5=-\n\AN \{-^—

—

±

NTTKR(U)
where

i r(i - RN)2
AN

-2\

2

R NT

"

±v
+

(I-RN\

RNj

This condition corresponds to (a + tp) = Nn

\ RNT

)

: N e N . A n iterative solution

procedure in k(u) commences by setting tan 5 = 0 and computing an initial value
of KR(U) from a and tp. The preliminary KR(U) is then substituted into either
(A.29a) or (A.29b) for tan 6, which m a y then be used for a more accurate
in a and tp. B y this procedure Ho[89] indicates a correction of ~ 1 - 5 % in

KR(U)
KR(U)

while correction in tan 8 is negligible.
'Arbitrary angles in (A.29) are accounted for in e~2^ where 2/3 - 4nkd/\ may be reexpressed in KR(U) and tan 6 through K/(W) = 2nk. Therefore
2nk KR(u>)tan6
2p = n — — .
A v n 2 — sin 6
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A.3.4 Remote Thermometry
A number of methods for thermometry have been developed for use in other
hostile environments such as semiconductor doping by direct ion implantation,
plasma etching, thin film coating by radio frequency or microwave sputtering,
plasma assisted chemical vapour deposition and photoresist backing by infrared
or microwave techniques.
T w o temperature measurement technologies for the hostile electromagnetic
environment have been developed over the last decade. O n e is a phosphor based
thermometry, while the other is based upon conventional infrared pyrometry.
Growth infiberoptic technology has complemented both phosphor and infrared thermometry. In each the opticalfiberprincipally behaves as a light-relay
enabling the detector to be remote from electrical hostility. The combination of
opticalfibretechnology with fluorescence sensing has been dubbed fluoroptics,
whilefibreoptics with infrared radiometry has been termedfibreoptic radiometry. Optical Fiber Thermometry ( O F T ) has become the general n a m e foi
association of opticalfibreswith existing temperature sensing techniques10.

Fluoroptic Thermometry
The fluorescent lifetime and emission-line intensities are two temperature dependent physical properties of phosphors used influoropticthermometry.
It has been noted [232, page 3177] that thefluorescentintensity is generally
inversely proportional to temperature, and hencefluoropticthermometry is best
suited to the lower temperature range of (200°C - 700°C).
The Luxtron Corporation [225] has m a d e use of the temperature dependence
of line intensities by exciting a rare-earth doped phosphor w h e n exposed to ul10

Optical Fiber Technology was a phrase coined at the National Institute of Science and Tech-

nology (NIST), U S A (formerly the National Bureau of Standards)
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traviolettight.T h e intensity from an appropriate pair of sharp emissiontinesare
ratioed. It is the magnitude of this ratio which is used for temperature measurement. The phosphor is coated over the surface of the hot body from which the
fluorescence is relayed by an opticalfibreto a radiometer. T h e layer is thermally
thin enough to readily reach thermal equilibrium with it and is optically thick
enough for sensing. Contact sensing was a later development to overcome off-set
temperature measurement difficulties.
Work by Zhang et al [232] has explored the application of measuring the fluorescence lifetime of certain phosphors as part of a hybrid thermometer. They
noted that thefluorescencedecay measurements are independent of the i. .ct.,
From this it followed that the errors associated with poor detectability at low light
levels are excluded. T h e manner of detecting the fluorescence decay rate forms
the main difference in regard to the type of signal processing routines employed
in thermometer operations.

Fibre Optic Radiometry
In fibre optic radiometry a blackbody simulator is heated at the tip of thefibre.The
simulator is of a very low thermal mass and will quickly reach thermal equilibrium
with the hot body irradiating it. Radiation from the simulator is transmitted by the
fibre to a photo-electric detector.
Methods of opticalfibreradiometry differ in their routines for handling emissivity and view factors. Tinsley et al [214] configure the dimension of the blai! :body at thetipof the sapphirefibrein order that Gouffes' equation m a y be us; i
Alternatively Zhang et al [232], remove the emissivity and sight path factor thereby
obviating their influence in a temperature algorithm. T h e algorithm takes the ratio
of irradiance terms at different temperatures for the one frequency. To do this it
assumes the emissivity of the material constituting the blackbody simulator not
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to be significantly temperature dependent. This they determine to hold true for
applications up to 3,000 K.
A recent development [214] of the fibre radiometric technique has been to
add an intermediate stage of sapphirefibrebetween the blackbody simulator and
the opticalfibre.This has extended the range of application of the technique to
harsher environments such as those encountered during plasma etching. Under
circumstances of plasma etching, ion bombardment would degrade standard fibre
optic links. Sapphire has the desirable properties of being robust, electrically
neutral, low in thermal conductivity and chemically inert

A.3.5 Developments in Pyrometry
The pyrometer is an instrument designed to collect and focus radiation emitted
from the surface of a hot body. Radiation relays characteristic information of
temperature as expressed by the Planck radiation formulation. A pyrometer m a y
be designed to receive part or all of the radiation spectrum. Where all radiation is
received the pyrometer is termed a total radiation pyrometer. A partial radiation
pyrometer therefore reads only a spectral band from the full radiation spectrum
The working parts c o m m o n to the conventional pyrometer consist of collecting
and focusing optics and a detector. Collecting and focusing m a y be achieved by either a convex lens or concave mirror. The detector is commonly photo-electronic,
operating in either photo-voltaic or photo-current mode.
With radiation pyrometry, knowledge of emissivity is fundamental to nonblack body surface, radiation temperature measurement. The surface temperature
is derived from the radiance measurement by assuming that the radiation from
the body is proportional to that from a blackbody. The proportionality factor is
known as the emissivity. The degree of accuracy in temperature measurement by a
radiation pyrometer is largely affected by the assumptions m a d e for the emissivity
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of the radiating surface.
Pyrometric techniques broadly fall into two camps depending on h o w the
emissivity is obtained. O n e requires emissivity to be k n o w n in order that temperature measurements m a y be made. The other finds emissivities during the
simultaneous solution for temperature. Methods which depend on comparison
with a known source m a k e implicit assumptions about the emissivity. The most
commonly Used pyrometer is the single wavelength pyrometer, which requires the
surface emissivity to be k n o w n and constant as a function of temperature. Briefly,
examples of these are:
1. The Land Gold Reflecting Hemisphere Although compromising the remote
sensing advantage of pyrometers, this instrument achieves accurate temperature measurement. The highly reflecting gold-dome interior of the hemisphere augments the surface irradiation of the target by multiple reflections
between itself and the surface. Thus the intrinsic emissivity of the surface
is magnified to a calibrated value. All radiation is received by a detector at
the top of the dome.
2. Visual Optical Pyrometer
There are two main classes of this type. The c o m m o n feature of their operation is using the h u m a n eye as the detector. Here the eye is used to discriminate between the luminous intensities from two light sources. The pyrometer provides an internal, temperature calibrated reference source which
is compared against the target source. Temperature measurement is made at
the point when the eye ceases to discriminate between the two intensities.
The calibrated mechanism of adjusting luminous intensity between internal
source and target is the difference between the two types of Visual Optical
Pyrometers.
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• disappearing filament optical pyrometer The pyrometers optics superimpose the image of target light source andfilamentlight source. Current to thefilamentis adjusted until its image disappears into the image
of the target's light source. The current is temperature calibrated.
• variable wedge optical pyrometer
A similar principle operates here. The filament is held at constant
brightness while the position of an absorbing wedge is adjusted to cut
d o w n light arriving from the target. Temperature is measured by the
calibrated position of the wedge w h e n the two light sources are judged
to be equal.
These pyrometer types are concisely described by Jones (1993)[101].
3. Auxiliary Heater Irradiation
A n auxiliary heater irradiates the surface to be measured. Its temperature is
varied until it radiates with the same intensity as that emitted and reflected
by the surface.
4. Polaradiometer
This instrument makes comparison between polarization states of a blackbody simulator and the hot surface being measured. Blackbody radiation
is directed against the surface. The k n o w n temperature of the blackbody is
adjusted until the polarization of the reflected blackbody b e a m equals the
polarization state of the radiation emitted by the surface.

A.3.6 Emissivity Models and Pyrometric Method
This section briefly traces the development of multiwavelength pyrometry in relation to the earlier established technique of ratio pyrometry. It concludes with a
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final sweep of the literature that merely identifies where multiwavelength pyrometric methods have been either applied or adapted. This will serve to highlight
an absence of microwave applications. T h e general versatility of multiwavelength
pyrometry is also emphasised.
In the context of this section the multiwavelength pyrometer will be introduced
alongside key standard techniques. A description of its principle of operation
however, will be held over till the following section.
Gardner,[59] has charted the work of several key authors over a decade commencing from the late sixties. Their research led to continued development of
two and three colour pyrometers. These pyrometers measure the radiant intensity (radiance) at two or three selected wavelengths. T w o colour pyrometers take
the ratio of radiance values. T h e effect is to eliminate emissivity from constat
ation, provided that there is no spectral (wavelength) dependence of emissivity.
Three or higher order ratio techniques apply standard statistical solution methods.
Such methods seek to solve for the coefficients of a given functional dependence
imposed on the emissivity. In this same paper Gardner extends their work, by
firstly, simulating heating by computer generation of radiance data, and secondly
in over-determining the solution by recording radiance measurements at m a n y
wavelengths. Linear and non-linear functional forms of emissivity are applied together with least squares statistical averaging tofita value of temperature against
the computer-generated, noise-corrupted, spectral radiance curve.
A n alternative handling of emissivity in temperature measurement by pyrometry is to measure surface reflectance and from this derive a knowledge of emissivity [60]. n .
Measurement of surface reflectivity is an indirect way of knowing the spectral and tempera
dependence of emissivity. When a surface is in thermal equilibrium with its environment, emitting
as much energy as absorbing, then by the conservation of energy, the total radiant energy incident
on the surface of the object equals the amount reflected and absorbed. Since emissivity is equal to
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Further to the w o r k of Gardner et al [59] and Jones [60] a six wavelength pyrometer was built [62]. Its temperature measuring ability is compared with the
two-wavelength pyrometer. It generally proves superior for oxidised metal surfaces. Its superiority to the two-wavelength pyrometer under such circumstances
lies in the computer- aided processing of m a n y simultaneous radiance measurements. Compensating algorithms work to minimise measurement errors [208].
The multiwavelength pyrometer gave inferior results to the ratio pyrometer
when surface emissivities were not a linear function of wavelength. Anything
other than linear dependence was not accounted for in the computer code. This
assumption is taken from experimental results noted by Gardner et al in work
by Touloukian and D e Witt [215]. Their work is reported showing that spectral
emissivities of m a n y metals are very nearly linear in the near- infrared.
Application of the multiwavelength pyrometer is suited to dirty conditions
where dust or particle interference can shroud the surface being measured. Here
surface spectral emissivity is u n k n o w n and variable. Temperatures are estimated
from the relative spectral radiance distribution.
A corollary to the work by Gardner et al [59],[58], [60],[62] in building and
testing a six-wavelength pyrometer was to investigate improving the performance
of the ratio pyrometer. Direction to do so c a m e from observations that w h e n tie:
ing the six-wavelength pyrometer as a ratio pyrometer by selecting the two shuxest wavelength channels, m o r e accurate temperature measurements were m a d e
for certain surfaces. Improvement of the ratio (two-colour) pyrometer lay in carrying over those design principles which imbued the six-wavelength pyrometer
with such high radiometric precision. Chief a m o n g these design principles was
the application of the effective wavelength12.
absorptivity, total energy can also be said to equal energy reflected and emitted.
l2
The effective wavelength is a practical concept from partial radiation pyrometry. It was introduced to simplify use of Wien's law in design and calibration measurements. The effective
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The limit on precision for temperature measurement by ratio pyionit;. ,
set by the accuracy of radiometry. Conventional ratio pyrometry uses narrow
bandpassfilterson both channels in order to affect monochromatic conditions.
Monochromatic conditions were sought for limitation of spectral variance in emissivity. This w a s consistent with the assumption that small channel separation
should limit spectral variance in emissivity to a constant.
Relatively low temperature measurement (600°C - 9 0 0 ° C ) however is inherently impaired. Narrow pass band channels increase the signal to noise (S/N)
ratio by closing d o w n the irradiance received from a hot surface which is less
at lower temperatures. T o overcome this limitation broad bandpassfilterswere
used in place of the narrow. Yet from experience Gardner et al [58],[62] noted
this development to be compromised through not operating the detectors at the
effective wavelength of the broad bandpassfiltersat both channels. B y temperature correcting the two-colour effective wavelength of Ruffino [12] the respor.
of the ratio pyrometer is optimized. Further [61], they generalized the formulation for the relative error in the radiance and temperature ratios. Behind this lay
loosening the assumption of the likeliness for the emissivity to be unchanged if
radiance measurements are taken at two closely separated channels. Instead the
formulation clarifies the effect of the role effective wavelength has on the relative temperature error and the channel separation which best serves in deciding
the effective wavelength of operation. In formulation the effective wavelength
serves as a proportionality constant between the relative error in measuring the
radiance ratio and the temperature error at a given temperature. Channel separation of a ratio pyrometer fixes the two colour effective wavelength and hence the
wavelength serves as the representative wavelength to the waveband of operation. The waveband
of operation is set by the spectral responsivity of the detector and transmittance characteristics
of the focusing optics and pass-bandfiltering.The effective wavelength therefore expresses the
condition for optimum pyrometer response for the designed temperature range of operation.
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accuracy with which radiance measurements can be performed where a certain
precision in temperature is desired. Best performance in achieving precision temperature measurements were found by operating at short wavelengths and closely
spaced channels. Experiments show this ratio pyrometer w h e n working at the effective wavelength (for the broad bandpassfilterschosen) to give tolerant, well
behaved performance under conditions where the spectral radiance was reduced
by as m u c h as 5 0 % from the experimental environment.
With Tank et al (1989) [208] multiwavelength pyrometry has been pushed i o
operate on opaque surfaces of high reflectivity and moderate temperatures13.
Temperature measurement by the method of multiwavelength pyrometry is
akin to solving for emissivity on the run in the course of making radiance measurements.
A distinct strength of the multiwavelength method of pyrometry is its inherent
flexibility for modelling emissivity. Thisflexibilitylies in its dependence upon
radiance measurements of the moment. The sensitivity of this dependence in turn
rests upon the algorithm modelling the emissivity. W h e r e possible the algorithm
is guided by empirical data. The advantage is that emissivity calculations are not
analyticallyrigidor absent but have a form derived from radiance data collected
during the experiment. In varying forms this has been the method of pyrometry in
the work of the above mentioned authors.
Other work reported in the literature has examined a variety of conditions to
which pyrometric methods have been applied or adapted. While little work has
been specifically devoted to high temperature thermometry associated with microwave processing, m a n y of the pyrometric developments for conventional, high
temperature processing can be applied. M u c h of the recent work has concentrated
multiwavelength (or multicolour) pyrometry.
l3

emissivity as low as e = 0.03 and temperature approximately 500 K.
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Tank et al [208] have successfully applied multiwavelength pyrometry to highly
reflective (low emissivity) objects at low temperatures (~ 500/Q. This region is
of traditional difficulty to the conventional methods of total and partial radiation
pyrometry or colour and brightness pyrometry. Their system operates by taking
radiance measurements over n narrow spectral bands and relates them to a set of
analytic equations that model radiation being emitted from the object.
Yiannis et al [127] and Edgar et al [46] use similar techniques which demonstrate an alternative class of multiwavelength pyrometer to that which is used by
Tank et al whose work is based on developments in c o m m o n with Gardner [59],
Yiannis uses multiwavelength pyrometry to measure the temperature of burning carbonaceous particles. The algorithm for data handling is developed upon
taking permutations a m o n g the radiance terms which are used to form ratios. Ratios are taken to eliminate the emissivity factor as in ratio pyrometry. It is justified
in their instance since carbon has a graybody character14.
Edgar et al model the emissivity through reflectance measurements in deterniining multiple intensity ratios provided by radiance measurements taken at three
wavelengths. T h e advantage of multiwavelength pyrometry is noted in view of
the large errors such as those due to geometric factors, being introduced w h e n
performing absolute intensity measurements. However, difficulties included electromagnetic interference and shielding of the arc light to avoid saturation of the
detectors.
The ratio technique in multiwavelength pyrometry extends the principle of
standard two-colour (or ratio) pyrometry by taking radiance measurements at
more than two wavelengths. In taking more of the radiance spectrum into consideration with multiwavelength pyrometry Yiannis et al noted the improvement on
the two-colour results which underestimated temperatures by as m u c h -s ?
4

A graybody has a wavelength independent emissivity.
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The discrepancy was traced to omitting the correction for emissivity of melting
platinum during the calibration of the two-colour pyrometer.
The remaining papers using multiwavelength techniques have in c o m m o n a
method of handling emissivity. T h e method varies according to the particular
environmental conditions and emission spectrum of the target.
Speed and versatility for the multiwavelength pyrometer in recent years has
been extended by using computer-interfaced, multi-channel detectors. Tank et al
recognize this at the end of their work by suggesting future work to incorpor,; t
a grating spectrometer with a linear diode array detector or a Fourier transform
spectrometer such as the Michelson Interferometer. Ruffino [177] has m o v e d in
this direction by constructing a multiwavelength pyrometer in which wavebands
are selected by a direct vision prism and diode array. The result is a versatile
instrument complemented by a selection of software which appropriately process
radiance measurements.
Another significant aspect of versatility in multiwavelength pyrometry is explored in Gardner's simulation studies [59, page 703] and Svet's experimental
work. Part of Gardner's simulation of a six-wavelength pyrometer incorporated
investigating effects of light scattering occurring within an intervening m e d i u m
between the target and the pyrometer. T h e effect is equivalent to a reduction
in emissivity which implies a higher target temperature. Gardner notes that if
the emissivity-transmittance product is linear in wavelength then the tetr :> i ,
emissivity algorithm should still yield an acceptable estimate of true surface temperature. This it does with temperature errors remaining acceptable where changes
in emissivity and radiance scattering would lead to large errors in conventional
pyrometry. Svet et al [203] concludes their work by saying that the operation of
a three-wavelength pyrometer eliminates the effects of a scattering intermediate
medium.
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Earlier work using bandpassfiltersand discrete operating-wavelength detectors contributed to inaccuracies and limited application. W h e r e narrow bandpass
filters were employed the S/N ratio was poor. If the passband was broadened
to improve the S/N little consideration was given to operating the filter-detector
system at the effective wavelength optimum.
Hoch [90] provides a notable alternative to the trend of investigating the form
of the wavelength dependence in the spectral emissivity from which blackbody
temperatures are calculated. His method is tofinallyobtain the blackbody temperature through the radiance temperature measurements by the following means.
A six-wavelength pyrometer operating linear detectors for fast response capability to rapidly changing temperatures is used to initially calculate spectral
emissivity values from the radiance measurements. In deriving spectral emissivity values from the radiance measurements, both afirstand third order polynomial
are used to model the logarithm of the emissivity. Numerical techniques proceed
to solve for the coefficients of the polynomials together with their rekti<
With further manipulation a blackbody temperature Tnn is obtained and relatec
the radiance temperature by the linear relation:
Tr = Tlin + hX

(A.30)

where h is Planck's constant15 and A is the wavelength. It was shown that emissivities given through (A.30) provided better agreement with the accepted emissivity
values than those which came by:

X(lnex) = (^-h

(A.31)

from which (A.30) was derived.
It appears Hoch's work is a refining technique upon the established work of
Svet et al, Gardner et al, Hiernaut et al and Gather's since the work of emissivity
15

/i = 6.62618 x IO"34[Joules.second-1}
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modelling is intrinsic for thefinaldevelopment of his temperature and emissivity
solution. Once arriving at the linear relation (2.30) it is certainly m u c h easier
to work with than (2.31) in obtaining T 0 and e. F r o m this the paper goes on lo
demonstrate w h y it is very difficult to obtain values of T 0 from the variation of e
with A alone.
Further papers[29, 121, 29, 157, 185, 213, 233] consider refinement techniques in deriving better emissivity estimates for use with conventional pyrometers.

A.3.7 The Temperature and Emissivity Algorithm of Gathers
The work of Gathers[64, 65, 63] exemplifies a point m a d e during the introduction
of a key paper by Gardner[59]. Gardner notes that with the advent of inexpensive
digital computing electronics it is possible to record radiance measurements at
many wavelengths in order to over-determine a temperature solution that is based
upon (least squares)fittingtechniques. In the papers referenced, Gathers makes
use of computing power unavailable at the time of Gardner's work and applie :
to the error analysis of multiwavelength schemes in pyrometry.

A Partial Theoretical Development of MWP
The principle of multiwavelength pyrometry is to use afittingtechnique together
with statistical averaging to minimize the difference between real spectral radiance measurements and a computer-generated expression for radiance which has
been modified by a spectral emissivity function of a given form. The functional
form of the spectral emissivity influences the fitting technique used and these two
together govern the precision and stability of the coupled solution for the temperature and emissivity. There are two traditional methods used to perform curve
fitting[113]. O n e is to use Lagrangian interpolation in which n data points are
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fitted with a function having n degrees of freedom. This method suffers the disadvantage of severe over-fitting errors if more than three or four data points are
used. This is not the case for the least squaresfittingtechnique. T h e general improvement in accuracy for multiwavelength pyrometry ties in its use of data from
multiple radiance measurements. This feature will be contrasted in this section
with brief descriptions about the operational basis of the m o r e conventional forms
of pyrometry.
In assessing the pyrometric scheme of Hiernaut (et. al.)[80] Gathers in addition explores aspects of the temperature solution's dependence upon the wavelength span covered and the relative spacing and number of channels as was taken
up in the earlier work of Gardner. T h e technique is based upon a least squares
minimisation of the function:

X2 = IX2(^-*i)2 (A.,-.
8=1

in which Ri is the radiance emission measured at the ith wavelength assumed to be
a sample from the distribution described by the function 4>j, and of is the variance
in Ri.
The minimising of % 2 is performed by either a linear or non-linear technique.
The distinction between linearity or non-linearity is based upon the form of the
emissivity as contained in the model function Phii of x2- Linear least squares
analysis has the advantage of being faster than non-linear techniques, which are
slowed through iterative routines16 [175, page 521]. T h e disadvantage of the linear
technique is its exclusive reliance on exponential polynomials for the modelling
of the emissivity. Systematic errors are also introduced by a radiance model de16

The linear technique leads to an analytic solution for the minimising parameters and hence

also for T and e(A,). By comparison, the non-linear technique which works with the full form of
the Planck expression uses a search technique when provided with an initial worfcmg-temperature
estimate from a two-colour value obtained at the two shortest wavelengths.
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veloped upon the W i e n approximation to the Planck law. The Wien law is used
purely because it delivers analytic solutions for an emissivity having an exponential polynomial form. In contrast, a non-linear technique permits the emissivity to
be modelled by any appropriate functional form.
In non-linear least-squaresfitting$j assumes the functional form:
$i = e(Xi)Lb(Xi,T)
where Lb(Xi, T) is the blackbody spectral radiance at temperature Tand e(A,) rray
be modelled by expressions such as:
e =

-[l + sin(a0 + al)],

e =

exp[-(a 0 + ai)2],

e =

ao + a\X.

The a0s and ais are unknown coefficients to be found. Gardner chose thefirsttwo
in order to ensure that e was between zero and one. However the last expression
which is linear in wavelength proved to be the most successful with the non-linear
technique in minimizing temperature errors. A n extensive and rigorous analysis
of non-linear M W P has more recently been performed by Duvaut et al [47]. In
this, a number of computer simulated experiments were run to test the efficiency
of several emissivity models as a test of their robustness. In addition a study is
made of the influence of the variousfittingparameters on accuracy. In addition to
the above emissivity models they study the Hagen-Rubens' model
2
003A
/(Too

e(A) =
the Edwards' model

! 1/2 -1

{Ha

e(A) = a0 2a\

2

A

383

1/2

+

a2

a3 + X 2
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The experimental analysis section will show that of these emissivity models, the
Maxwell model proves to be the most accurate for pyrometry of engineering ceramics. In non-linear least squares analysis, the simple assumption of a linearlydependent spectral emissivity, proves to be badly in error.
In contrast, the linear technique applies the W i e n approximation of the Planck
thermal spectral radiance relation:
„/, m x
,,.2-Khc2
. he
R(XhT) = e ( A ) ^ - e x p ( - —

1.
— )

(A.33)

together with an pth order exponential polynomial relation between e and A17:

ln|e(A)|= j > A p

(A.34)

i=0

In this way the x2 matrix equation is satisfied and:
n m— 1

(A.35)
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The functional form modelling the emissivity in this linear least-squares method is used more

for its analytic convenience in determining thefittingconstants ai rather than attempting to 111 -.
any physical model [198, pagel 1069]
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resultfromradiance data bi beingfittedto a polynomial of degree m. The system
of equations to be solved is overdetermined for n > m. In general no unique solution vector (X) is possible but % 2 can be minimized with respect to the parameters
am_i which model e.
In particular, setting p = 1 in equation (A.34), i.e.
ln|e(Aj)| = a 0 + aiAj
and substituting in (A.33), w e obtain
Ri*i,T)^

=

eiXi)exo[-C2^}

=> A = ln^A^T)^] = ln |e(A«)| - C2^ (A.36)
In choosing

®i(KT) = _2ai-C2±i=0

A

«J

we minimise x2 with respect to a* and T.
From here on the mathematical paths taken by Gathers and Gardner diverge.
In short, Gathers develops upon the work of Hiemaut while Gardner develops
upon Svet et al. The two analyses are each briefly sketched separately to mark of
the analysis to be presented in chapter 4.
The divergence has to do with the paths taken in obtaining the coupled solution
for the spectral emissivities and temperature.
Gardner,firstly,proceeds by solving for e(A) and then back-solves for I.
system of C 2 independent linear equations arefirstlygenerated. These describe
relative differences amongst spectral radiances i.e.
XiRi - XjRj = (Xt - Xj)a0 + (A2 - A j K +

+ (A? +1 - A?+1)a„

They are obtained by multiplying equation (A.36) by the wavelength and then
taking differences between pairs. Analysis proceeds by eliminating T. x2 is minimised with respect to a 0 and a\.
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Gathers, alternatively, proceeds in the opposite sense, i.e. T is sought first
followed by back-solving to fix e(A). Like Gardner, a system of C% independent
linear equations are generated that describe relative differences between spectral
radiances according to

.„= Wz«l
= „+ 1<* AjAj
i
(Aj — Aj)
thereby eliminating the constant term ao. The result n o w is for x2 to be minimised
with respect to a\ and a2 (= C2/T).

N o w , specifically, by Gathers, the solution

proceeds using equation (A.35) which m a y n o w be written
n— 1

n

2

x = E E i[*« - *i;]2

(A-37)

where the $*, are determined from experimentally measured spectral radiances
and the a?- are the variances in $*j. In terms of ax and a2 Equation (A.37) becomes:

x2 = E E T K - K + ^TV)]2
AiA

i=i i=i+i °y

J

2

and x is niinimized with respect to ai and a^ according to:
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which in the formalism of equation (A.35) is just:
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and 5 = 5: E
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For the simple 2 x 2 matrix equation the solution vector X was solved using
Cramer's rule, so that:
ai =

b\A22 — Aiib-2
A\\A22 — A\2A2\

a2 =

M\b2- hA21
A\\A22 — A\2A2\

and

The solution for the temperature is thefirstreturned through:
rr,

C2

a2
and the emissivity from:
e(Aj) = exp[a0 + a ^ ]
where from equation (A.36):
a0 =

L3*X.

- aiAj + a-zX^1

The focus in the work of both Gardner and Gathers is the influence of the
parameters on the accuracy in temperature and emissivity solutions when using
linear and non-linear least-squares fitting. The parameters considered were
• the spectral span of the pyrometer
• wavelengths (channels) chosen at which to make the radiance measurements
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• the relative spacing between channels
• the number of channels chosen to be used and
• the form of the weight function (a?-) in x2
Gardner notes that the linear technique introduces larger systematic errors than
its non-linear analogue. The difference is attributed to the logarithmic compression in the emissivity expression of the linear method. H e also notes parity between the results for linear and non-linearfittingtechniques up until 1300K above
which the respective systematic errors disappear. Temperature errors were generally less with the non-linear technique however on occasions the solution in each
case depended upon the initial trial values supplied. This is because x2 contains
local minima to which convergence could occur resulting in temperature errors of
the same magnitude as in the linear technique. Gardner's paper concentrates on
investigating the non-linear technique and a linear emissivity.
Gathers, on the other hand, isolates the Wien approximation as a source of
systematic error by noting its absence w h e n the W i e n expression, rather than the
full Planck expression, is used to generate radiance data. Over all Gathers concentrates on the linear technique.
They both conclude that the multiwavelength pyrometric method is sensitive
to the spectral range with a decrease in accuracy for a reduced range (a result of
the Wien approximation).

A.3.8 The Relative Merits of the Various Optical Thermometers
It was noted earlier that the coefficient of emissivity is introduced as a measure of
the radiation efficiency of real hot bodies with respect to a blackbody. In reality
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emissivities are a complicated function of wavelength, temperature and surface
conditions and can easily vary by as m u c h as ten percent over relatively narrow
wavelength intervals [114]. The various pyrometer schemes introduced in section
A.3.4 can be assessed as to their relative merit according to the means by which
emissivity is accounted for.
The brightness pyrometer applies a calibrated standard against a hot object
and seeks to match their appearances. Ideally the standard is of the same material
as the object. Variable emissivities associated with the changing environment of
the hot object and of its surface pose difficulties for reliable measurement [192].
As an improvement on the brightness pyrometer the total radiation pyrometer affords a quick and accurate relative temperature measurement. It suffers,
however, from inaccuracies in maintaining a calibrated emissivity.
Ratio pyrometers represent the next stage in improvement of accuracy. Spectral radiances are measured at two wavelengths, the temperature T, is made the
subject of the Wien relation (equation A.35) and one obtains:
j,

C2(X2 — Ai)
~[AiA2[5H£|-ln|£|+ln|£|]]

If greybody conditions hold within a certain wavelength range such that:
e (A 1 )

= e(A2)

(A.38)

then the emissivity consideration is dropped. Optimal operation of the ratio technique involves the trade-off between reducing errors associated with radiometric
measurements and ensuring greybody conditions. The accuracy of tie ra^u creases as the separation of the wavelengths increases, but e(Ai) = e(A2) will
increase.
Multiwavelength Ratio pyrometry extends ratio pyrometry by measuring spectral radiances at n + 1 wavelengths and by supplying an emissivity model expressed as a smooth function of n undetermined parameters. A s in the least389

squares method of multiwavelength pyrometry, two avenues of solution are open
for the application of multiwavelength ratio pyrometry.
The method of multiwavelength ratio pyrometry is better suited to short wavelengths. It is also very sensitive to measurement noise which quickly grows with
the number of terms in the ratio. Little improvement in accuracy is gained by
performing radiance measurements at more than two wavelengths.
The recently introduced commercial thermometric systems arefluoropticthermometry and fibre optic radiometry. Both m a y be operated in either a remote
or contact capacity. Fluoroptic thermometry is suited to the temperature range
(200 - 700)°C. Its principle of operation was the temperature dependence of the
fluorescent lifetime and emission line intensities of phosphors. Remote fluoroptic
operation requires laying an optically thick phosphor film over the target. Unfortunately this procedure compromises high purity microwave processing. Remote
operation also suffers from systematic off-set errors that are only ameliorated by
contact sensing.
Fibre optic radiometry in contrast operates as a blackbody simulator. The low
thermal mass of a vapour-deposited metal film at the end of a rod-shaped single
crystal of sapphire, forms the blackbody simulator as it acquires thermal equilibrium with a hot object. It is particularly suited to the harsh plasma environing-f
of sputter etching. However, it m a y become appreciably microwave absoroing
as its temperature is raised by microwave-induced plasma interaction or through
an acquired defect. Further difficulties can arise during plasma deposition. A
plasma-deposited layer that grows to overlay the metal film will modify its calibrated characteristic as a blackbody emitter by altering the absorption coefficient
at the probe tip and hence acquire a temperature different from the target.
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Appendix B
The Optical Configuration of the
B o m e m Interferometer
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Figure B.l: The optical arrangement of the source-compartment of the rapidscanning DA3 Bomem (Michelson) interferometer from section (3.1.1).
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Appendix C
Microwave Engineering
The Gyrotron is one among the few most recent developments in vacuum tubes
(or vacuum electronic devices (VEDs)). V a c u u m tubes achieve transfer of energy
from an electron b e a m to an electromagnetic field through their design for the interaction between electrons andfields.Synchronism is sought between the vector
component of the particle velocity v that is parallel to the electric field vector E
of the electromagnetic wave[96], i.e.

IE-vdt
This extended interaction (or synchronism) represented by the integral, will allow
acceleration over m a n y periods of thefield.There are a n u m b e r of w a y s in which
synchronism can be achieved. This provides for a n u m b e r of physical implementations1.
L

Vacuum tubes are consequently either slow or fast wave tubes. Slow wave tubes, such as

linear travelling wave tubes (TWT) or the B W O , use a physical structure (slow wave circuit) sy i
as helix or inter-digital line of cavities, to promote interaction between the axial component of
the electron beam and the longitudinal electricfieldE, (i.e. the axial component of the fringing
field radiating from the slow wave structure. Another class of slow-wave tubes is the crossed
field device of the Magnetic tube (M-tube) and the Klystron (O-tube). In these, the synchronous
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Matching of the electron drift velocity and field phase velocity will allow energy coupling to the electron drift velocity. Suitable arrangements will give bunching of electrons (e.g. the Travelling W a v e T u b e ( T W T ) ) .
O n e can also match the electron gyration frequency and field frequency, so
that in the coordinate system m o v i n g with the particles there is a constant E \\ v.
In gyrotrons, the electromagnetic field essentiallyfillsthe tube. Electrons are
injected and drift to the anode. W h i l e traversing the tube, they gyrate about the
solenoid magnetic induction field B2. If the electromagneticfieldoscillation lags
slightly, then energy will transfer from the electrons to thefield.A t the exit port,
there is effectively a loss. If the loss is too large the oscillation in the tube will
die out. In s o m e aspects the system is similar in operation (though not in actual
energy transfer m e c h a n i s m ) to the laser.
Another fast-wave tube employing E C R to achieve synchronism is the Peniotron. Synchronism is otherwise established by a periodic b e a m trajectory and
forms the basis of operation of the Ubitron (or Free Electron Laser (PEL)) and
Rippled Field Magnetron. Figure (3.2) from ref. [191], shows the average power
electron beam velocity is governed by the D C electric to magneticfieldratio. M and O tubes
are distinguished according to whether either the potential or kinetic energy respectively, of the
electron beam, is transformed into electromagnetic energy[191, p9].
2
For fast wave tubes, such as the Gyrotron (which is actually the commercial name of liic
Tomadotwn[95, p535]), synchronism between the electron beam and the wave is accomplished
by satisfying the condition for Electron Cyclotron Resonance (ECR)

eB
m

eB
7m0

A solenoid magnetic inductionfieldB constrains an electron charge e in a helical trajectory of
angular frequency w e c r near the design frequency of the device. The terms m, m0 and 7 have
their usual meaning from relativity physics of relative mass, rest mass and relativity factor 7 =
)-l/2

, where /3^± = ^-f- where || and ± denote components of v parallel and
normal to £ respectively[191, pl 14].
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Figure C.l: Context of the Gyrotron among solid state and microwave vacuum
tube devices! 191].
of the Gyrotron with respect to alternate microwave sources.
In practice the design frequency u of the Gyrotron is made greater than electron cyclotron resonance frequency in order to couple energy out of the phasebunched electron beam into the wave 3 [96, p462].
3

The relativistic variation of m with energy, leads to variation in uecr; this shifts with the phase

of E. Through the classical expression of kinetic energy T, this dependence m a y be expressed

as ifm 2 ^4-.T = A-cEtf and results in bunching along the electron orbits[191, pl 14], At
resonance, the bunches form in regions where ^ p = Ev — 0, with no work being performed on
thefield.However if the cyclotron resonancefieldB is too low to meet the E C R condition,
We
2TT

Ve,r =

^
m

J- * 28 B
2-K

(where u is in G H z and B in Tesla), then the bunched electrons drift to a phase where work is done
on the microwavefield&. That is, in order for kinetic energy transfer to E", the gyrating electron
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Figure C.2: Schematic of a Gyrotron from pl 16 of [191]
In a practical design for a Gyrotron electrons are injected at one end of an
interaction cavity while the output of the Gyrotron couples through a waveguide
window into the external circuit. T h e simplest cavity designs are right circular cylinders that excite multiple orders of circular electromagnetic modes. A
schematic of a Gyrotron from ref. [191, pll6] is shown for clarification.
Almost the entire bulk of the papers on Gyrotron-tubes that have appeared
since 1987 have had to do with modelling and design issues of the electron gun,
tapering of the electron b e a m by magneticfieldcompression, selection of a cavity m o d e that has a fairly uniform field- pattern over an electron orbit, and low
dielectric loss vacuum-barrier windows.

beam must be decelerated[95, p535].
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Appendix D
Calibration Data Sheets of the
B-type Thermocouples
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PRECISION CALIBRATION SERVICES PTY. LTD.
A.C.N. 002 543 437
UNIT II 21-23 DANIEL ST. WETHERILL PARK. 2164
P.O. BOX 6186 W E T H E R I L L PARK 2164

PHONE: |02>9756 1944 FAX: (02)9756 3116

REPORT OP EXAMINATION OF TEMPERATURE EQUIPMENT
REPORT REF NUMBER 2670T8514
CUSTOMER NAME
: UNIVERSITY OF WOLLONGONG
ADDRESS
NORTHFIELDS AVENUE
WOLLONGONG N.S.W. 2522
EQUIPMENT TYPE
TYPE B THERMOCOUPLE
MAKE
ENGELHARD
MODEL NUMBER
IM-7845
SERIAL NUMBER
0210323
PLANT NUMBER
N/A
DATE OF TEST
10TH MAY 1997
RE-TEST DUE
MAY 1998
SPECIFICATION FOR TEST
THE EQUIPMENT WAS TESTED AS PER CUSTOMER'S
INSTRUCTIONS.
TEST EQUIPMENT USED
PCS1236 NATA CALIBRATED TRACEABLE TO THE NATIONAL
STANDARDS.
PRELIMINARY EXAMINATION : SATISFACTORY
RESULTS: ALL READINGS GIVEN IN 'C.
SETTING

MEAN
READING

ACTUAL
TEMP

ERROR

CORRECTION

TOTAL
UNCERTAINTY
+/- l'C

1

500

500

0

0

2

750

750

0

0

3

1000

1000

0

0

4

1250

1250

0

0

5

1500

1500

0

0

6

1600

1600

0

0

7

1650

1650

0

0

B

1700

1699

+1

-1
0
-1

9

1750

1750

0

10

1800

1799

+1

CONCLUSION : IN GOOD ORDER. MAXIMUM ERROR + /- 1"C.
DATE: 10-5-97
PAGE 1 OF 1

SIGNED BY

PCS301
WOLLONCONG
UNIT3 81-83 MONTAGUE ST. NORTH WOLLONGONG 2500
PHONE: (042) 264 448 FAX: (042) 266 261

BATHURST
UNIT 2/13 ADRIENNE ST. RAGLAN N S W 2795
PHONE: (063) 373 599 FAX: (063) 373 678

Figure D.l: Calibration Data for B-type thermocouple (A) from section (4.4) of
the Results and Analysis chapter
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PRECISION CALIBRATION SERVICES PTY. LTD.002AC543N 437
PHONE: (02W56 1944 FAX: (02)9756 3116

UNIT 11 21-23 DANIEL ST. WETHERILL PARK. 2164
P.O. BOX 6186 WETHERILL PARK 2164

REPORT OF EXAMINATION OF TEMPERATURE EQUIPMENT
REPORT REF NUMBER 2670T8515
CUSTOMER NAME : UNIVERSITY OF WOLLONGONG
ADDRESS
NORTHFIELDS AVENUE
WOLLONGONG N.S.W. 2522
EQUIPMENT TYPE
TYPE B THERMOCOUPLE WIRE
MAKE
ENGELHARD
MODEL NUMBER
IM-8440
SERIAL NUMBER
0528092
PLANT NUMBER
N/A
DATE OF TEST
10TH MAY 1997
RE-TEST DUE
MAY 1998
SPECIFICATION FOR TEST
THE EQUIPMENT WAS TESTED AS PER CUSTOMER'S
INSTRUCTIONS.
TEST EQUIPMENT USED
PCS 1234 NATA CALIBRATED TRACEABLE TO THE NATIONAL
STANDARDS.
PRELIMINARY EXAMINATION : SATISFACTORY
RESULTS: ALL READINGS GIVEN IN *C.
SETTING

MEAN
READING

ACTUAL
TEMP

ERROR

CORRECTION

TOTAL
UNCERTAINTY
+/- l'C

1

500

500

0

0

2

750

750

0

0

3

1000

1000

0

0

4

1250

1250

0

0

5

1500

1499

+1

-1

6

1600

1600

0

0

7

1650

1649

+1

-1

8

1700

1700

0

0

9

1750

1748

+2

-2

10

1800

1799

+1

-1

CONCLUSION : FOUND TO BE IN GOOD ORDER. MAXIMUM ERROR +/- 2*C.
DATE: 10-5-97
PAGE 1 OF 1

SIGNED BY

^

£&£*•

PCS301
WOLLONGONG
UNIT 3 81-83 M O N T A G U E ST. NORTH W O L L O N G O N G 25(H)
PHONE: (042) 264 448 FAX: (042) 266 261

BATHURST
UNIT 2/13 ADRIENNE ST. RAGLAN N S W 2795
PHONE: (063) 373 599 FAX: (063) 373 678

Figure D.2: Calibration Data for B-type thermocouple (B) from section (4.4) of
the Results and Analysis chapter
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Appendix E
Microwave Frequency Dielectric
Measurement Techniques
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Figure E.l: The Transmission Line Probe as discussed in section(2.8.3) and Appendix A.3.1 according to the work of Aran et al[4].
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Figure E.2: T h e Cavity Resonator as discussed in section(2.8.3) and Appendix
A.3.1 according to the work of Arari et al[4].
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Appendix F
Representative Mathematica Results
from Kramers-Kronig and
Dielectric Dispersion Analysis
This appendix is referred to from section (4.2.3).
Not all dispersion parameters are able to be readily discerned from a K K analysis because of the order of magnitude variation on peak amplitudes and convolution effects from m o d e coupling. In such cases further oscillator parameters
(expected from the number of bands in the R spectrum) m a y be flushed out by
differentiating R with respect to frequency (cm - 1 ). Positive peaks in the derivative of R (R')locate T O phonon resonances and negative peaks, L O resonances.
The gradient to R at peak positions in R' estimate phonon damping, according to
Gervais et al.. This second point was not true in this analysis, so that while VLTO
and 0 L O could be fixed from R', jTo and JLO were fixed during trial and error of
the least squares fitting procedure.
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Figure F.l: Representative Kramers-Kronig analysis applied to the room temperature reflectance spectrum R of zirconia. The phase $ in radians is derived from the
reflectance spectrum (plot (a)). F r o m R and $, the successive functions of complex refractive index (plot (b)) and relative permittivity m a y be directly derived
(as shown in the following figures.
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Figure F.2: Plot(a) is of the real part of the dielectric and reciprocal dielectric
functions, and plotfb) is of the imaginary part of the dielectric and reciprocal
dielectric function. T h e utility of these plots is to obtain a close initial estimate of
pole and zero positions for dispersion analysis according to a given model of the
dielectric functions.
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Figure F.3: Plot(a) is of the complex dielectric function and plot(b) is of the reciprocal complex dielectric function. They are shown at the temperatures at which
reflectance spectra were measured. Study of the peak-shift and resonance broadening enables measure of the self-energy of phonon modes and an understanding
of the relative contribution of m o d e strengths to microwave absorption processes.
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Appendix G
Supplementary Data Tables from
Dielectrometry (4.1) and
Thermometry (4.3)
G.l Dielectrometry
Supplementary data tables from the dispersion analysis of section (4.2.3) deta-ing extrapolated estimates of oscillator terms and loss tangents at the nominal microwave frequencies of 2.45 and 28 G H z , according to the T P C and F P S Q models
of the dielectric function.
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Loss Tangent of zirconia : T P C Dispersion Analysis

T

Oscillator

[°C]

[j]
1

22

85

170

296

356

554

709

tanr5(x io-6)
28 G H z

2.45GHz

1508.960 ± 35.081

132.034 ± 3.070

2

70.234 ± 2.770

6.146 ± 0.242

3

11.078 ±0.635

0.969 ± 0.056

1

1617.450 ± 38.458

141.527 ±3.365

2

55.872 ±2.839

4.889 ± 0.248

3

16.518 ±0.763

1.445 ±0.067

1

1663.470 ± 43.294

145.553 ± 3.788

2

63.857 ± 3.035

5.588 ± 0.266

3

17.516 ±0.804

1.533 ±0.070

1

1777.620 ± 55.936

155.542 ± 4.894

2

68.325 ± 3.504

5.979 ± 0.307

3

17.771 ± 0.929

1.555 ±0.081

1

1938.690 ±63.719

169.635 ± 5.575

2

68.056 ± 3.594

6.003 ± 0.315

3

18.474 ±0.989

1.616 ±0.087

1

937.711 ±62.675

82.050 ± 5.484

2

66.926 ± 3.373

5.856 ± 0.295

3

24.798 ± 1.647

2.170 ±0.144

1

683.696 ± 65.860

59.823 ± 5.763

2

127.477 ± 4.593

11.154 ±0.402

3

15.655 ± 2.085

1.370 ±0.183

Table G.l: Loss tangents have been calculated according to Ref.[55] in which
tan 6j = [Ae,- (lJTOu/Sl2TO) / (€« + Ei Ae*)] •
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Loss Tangent of alumina : T P C Dispersion Analysis
T

Oscillator

28 G H z

2.45GHz

Lj]
l

tanr5(xl(T7)

tanr5(xl(r8)

6.598 ± 1.437

5/773 ±1.258

2

8.038 ± 6.389

70.334 ± 5.590

3

4.920 ±1.037

4.305 ± 0.908

4

62.078 ± 4.304

55.117 ±3.766

5

3.097 ± 0.491

2.710 ±0.030

1

35.921 ± 9.898

31.431 ± 8.661

2

165.350 ± 7.056

144.681 ±6.174

3

5.272 ±1.622

4.613 ±1.420

4

110.616 ±7.393

96.789 ± 6.469

5

5.017 ±1.522

4.390 ±1.331

1

314.664 ± 64.993

275.331 ± 56.869

2

147.114 ±14.218

128.724 ±12.440

3

1.485 ± 1.289

1.299 ±1.128

4

119.389 ±7.490

104.465 ± 6.554

5

12.486 ± 3.344

10.925 ± 2.926

1

569.821 ± 71.974 498.593 ± 62.977

2

97.151 ±11.819

85.Q07 ± 10.342

3

3.592 ± 2.058

3.106 ±1.801

4

101.972 ±6.734

89.226 ± 5.892

5

23.430 ±5.108

20.501 ± 4.469

Table G.2: Loss tangents have been calculated according to Ref.[55] in which
tanrX, = [Aej {lJTOu/Q2JTO) / (€» + Ei Ae*)].
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Loss Tangent of zirconia : F P S Q Dispersion Analysis
T

tanrJ(xl(T6)

Oscillator

Lj]
l

28 GHz

2.45GHz

1444.460 ±6.719

126.390 ± 0.588

2

223.685 ± 2.277

19.572 ±0.199

3

6.716 ± 0.226

0.588 ± 0.020

4

0.060 ± 0.050

0.050 ± 0.000

1

1430.830 ± 8.991

125.198 ±0.787

2

231.787 ± 3.940

20.281 ±0.345

3

11.110 ±0.414

0.972 ± 0.036

4

0.072 ± 0.080

0.060 ± 0.000

1

1369.410 ±15.476

119.824 ±1.354

2

465.026 ± 9.796

40,690 ± 0.857

3

2.771 ±0.972

0.243 ± 0.850

4

-0.111 ±0.056

-0.010 ± 0.005

1

1535.700 ±18.791

134.374 ± 1.644

2

95.290 ± 4.477

8.338 ± 0.392

3

37.947 ± 0.577

3.320 ±0.051

4

-25.212 ±1.462

-2.206 ±0.128

Table G.3: Loss tangents have been calculated according to Ref.[55] in which
tan6j = [Aej (-yJTOoj/n2JTO) / (ex + £i Ac*)]. Negative tan^- estmates ^-.
consequence of R fits yielding -Aej (Table (4.3)).
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Loss Tangent of zirconia (continued): F P S Q Dispersion Analysis

T

Oscillator

[°C]

Lj]

356

1

1434.940 ±11.347

125.557 ± 0.993

2

176.429 ± 5.594

15.437 ± 0.481

3

25.142 ± 0.890

2.200 ± 0.078

4

-11.661 ±1.115

-1.020 ±0.101

1

1461.230 ±16.520

127.857 ± 1.446

2

430.536 ± 6.050

37.672 ± 0.529

3

-1.207 ±0.631

-0.106 ±0.055

4

-118.073 ±4.814

-10.331 ±0.421

1

2076.960 ±307.154

181.734 ±26.876

2

412.152 ±98.309

36.063 ± 8.602

3

2.332 ± 1.700

0.204 ±0.149

4

-0.002 ±0.106

-0.000 ± 0.009

5

-285.047 ±117.189

-24.942 ± 10.254

554

709

tanr5(xl0" 6 )

28 GHz

2.45GHz

Table G.4: Loss tangents have been calculated according to Ref.[55] in which
tan^- = [Aej (ljTOoj/Sl2TO) / (ex + Ei Aej)]. Negative tan^- estimates are a
consequence of R fits yielding - Aej (Table (4.4)).
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Loss Tangent of alumina : F P S Q Dispersion Analysis
tanr5(x:LO-6)

T

Oscillator

[°C]

Ul

25

1

0.403 ± 0.154

0.035 ± 0.013

2

6.756 ± 1.572

0.591 ± 0.138

3

1.089 ±0.348

0.095 ± 0.030

4

3.667 ± 1.013

0.321 ± 0.890

5

1.990 ±0.063

0.017 ± 0.060

1

1.002 ±0.290

0.088 ± 0.025

2

13.452 ±1.860

1.177 ±0.163

3

1.707 ±0.316

0.149 ±0.028

4

7.892 ±1.357

0.691 ±0.119

5

0.258 ± 0.061

0.023 ± 0.005

1

0.634 ±1.162

0.056 ±0.102

2

12.109 ±13.787

1.060 ±1.206

3

-33.153 ±5.974

-2.901 ± 9.237

4

23.952 ±25.105

2.096 ±2.197

5

0.741 ± 1.259

0.048 ±0.110

1

1.506 ±7.115

0.132 ±0.623

2

14.320 ±51.659

1.253 ±4.520

3

129.358 ± 562.368

11.319 ±49.207

4

5.651 ±41.232

0.494 ± 3.608

5

0.044 ± 0.592

0.004 ± 0.052

374

686

862
'

28 GHz

2.45GHz

Table G.5: Loss tangents have been calculated according to Ref. [55] in which
tan*, = [Ac,- (jJTOuj/n2TO) I i^ + Ei Aej)]. Negative tan^- estimates are a
consequence of R fits yielding -Aej (Table (4.6)).
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G.2

Thermometry

This section places results tables from section (4.3.2) for the non-linear least
squares analysis that applied a linear and Edward's emissivity expression to fitting of experimental radiance curves.
alumina
Spm

x2 x I O - 8

01 x I O - 2

oai x 10~ 2

a2 x 10~ 2

a Q 2 x IO 4

T(°C) <jT(cC^

1

3.149

6.143

6.721

0.707

1.734

1027

12-h

3

4.966

6.107

8.457

0.998

2.182

1027

156

5

6.908

6.000

9.913

0.072

2.558

1028

187

7

2.617

6.071

6.124

0.614

1.580

1028

114

9

5.987

6.264

9.264

0.594

2.390

1028

167

11

6.794

6.404

9.860

0.466

2.544

1028

174

13

5.676

6.151

9.027

0.732

2.329

1027

166

15

4.737

6.648

8.249

0.801

2.129

1027

140

Table G.6: Parameter and error table for fitting coefficients of the linear emissivity
model used in the non-linear least squares analysis
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5 w t % T Z 3 Y in alumina
Spm

x2 x IO" 8

oi x IO" 2

aai x IO" 2

o 2 x IO" 2

oa2 x IO4

T(°C)

aT(°C)

1

3.334

7.616

6.929

0.997

1.788

1027

luj

3

8.186

7.452

10.76

-0.030

2.778

1029

163

5

9.903

8.269

11.94

0.992

3.082

1027

163

7

3.889

8.078

7.484

0.997

1.931

1027

105

9

9.882

8.068

11.93

0.997

3.078

1027

167

11

13.01

7.888

13.69

0.988

3.531

1027

196

13

3,192

7.771

6.781

0.995

1.750

1027

99

15

4.099

8.592

7.684

1.005

1.983

1027

101

17

6.101

7.997

9.375

0.999

3.419

1027

132

Table G.7: Parameter and error table for fitting coefficients of the linear emissivity
model used in the non-linear least squares analysis
10 w t % TZ3 Y in alumina

Spm

2
X

x IO" 8

oi x IO - 2

aax x IO" 2 a 2 x IO - 2 oa2 x IO4 T(°C)

O-T(°C)

1

1.708

5.019

4.958

0.956

1.279

1027

112

3

4.995

4.775

8.476

8.509

2.187

1027

200

5

4.995

4.775

8.476

8.509

2.187

1027

163

7

2.886

4.579

6.441

0.803

1.662

1027

159

9

3.613

4.698

7.202

0.687

1.858

1027

173

11

3.588

4.775

7.195

1.154

1.857

1027

170

13

8.328

4.506

10.94

0.776

2.824

1027

274

15

4.755

4.729

8.290

1.345

2.139

1027

198

17

6.954

4.949

10.04

1.647

2.592

1026

->'-0

Table G.8: Parameter and error table for fitting coefficients of the linear emissivky
model used in the non-linear least squares analysis
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TZ3Y
Spm

x2 x IO - 8

ai x IO" 2

afll x IO" 2

o 2 x IO" 2

oa2 x IO4

9.941

4.473

11.92

11.91

3.075

1027

301

5.374

5.096

8.829

1.577

2.278

1026

195

2.659

4.482

6.195

1.236

1.599

1027

156

4.258

4.507

7.822

0.742

2.018

1027

196

3.765

4.269

7.356

0.756

1.898

1027

195

5.606

4.453

8.972

0.638

2.315

1027

228

5.927

4.233

9.255

1.401

2.388

1027

247

T(°C) oT(°C)

Table G.9: Parameter and error table for fitting coefficients of the linear emissivity
model used in the non-linear least squares analysis
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alumina

Spm

X2

Oi

0~ai

0 2 X IO"10

oa2 x IO"9

1

2.89

99.01

2.32x10-•17

7.81

5.01

3

6.37

99.01

3.00x10" 13

25.72

19.55

5

6.53

99.01

6.90x10--19

6.06

5.46

7

4.48

99.01

1.84x10" 13

6.14

3.67

9

6.32

99.01

2.22x10"•21

7.77

0.28

11

6.09

99.25

1.27x10"•21

-5.35

0.24

13

5.75

99.01

7.47x10"-15

9.41

10.26

15

4.62

99.25

1.19x10"-12

14.32

4.07

04 x 10"-2

Oa4

T(°C)

oT(°C^

Spm a 3 x IO - 7 a a3 x IO"6

1

9.82

4.53

0.32

1.98

1027

< i

3

42.63

36.90

-11.0

0.88

1027

152

5

-7.58

5.75

-0.09

0.22

1027

< 1

7

6.39

3.40

1.93

92.3

1027

14

9

8.98

0.47

4.93

3.86xl0-15

1027

< 1

11

5.36

0.38

68.44

1.03 xlO- 1 7

1031

< 1

13

12.22

8.36

0.67

13.10

1027

<1

15

19.73

8.20

68.44

0.14

1027

164

Table G.10: Parameter and error table for fitting coefficients of the Edward's emissivity model used in the non-linear least squares analysis
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5 w t % T Z 3 Y in alumina

Sp m

X2

Oi

0~ax

a 2 x IO" 10

aa2 x IO"9

1

3.11

99.01

1.88x10"-15

12.46

9.57

3

6.41

99.01

6.17x10"-17

-4.25

3.45

5

8.48

99.01

1.42x10"-21

4.41

0.32

7

3.80

99.01

8.22x10"-14

13.49

9.77

9

9.62

99.01

1.81x10"-12

14.10

4.68

11

27.48

99.01

8.00x10"-16

-5.15

7.25

13

2.35

99.01

9.18x10"-22

6.05

0.15

15

4.19

99.01

5.53x10 -5

17

6.09

99.01

2.76x10"-13

27.21

10.10

Spm

0 3 X IO -7

oa3 x 10~ 6

a 4 x 10" 2

Ca 4

T(°C)

<TT(°C)

1

13.73

6.18

0.42

4.08

1027

<1

3

2.62

2.93

-11.0

0.33

1027

<1

5

-2.40

0.31

-2.76

1.91 x IO"15

1027

<1

7

13.86

5.59

1.36

44.27

1027

12

9

14.93

8.39

6.86

29.66

1027

247

11

2.79

5.32

0.34

12.16

1027

< 1

13

-4.66

0.19

-42.53

9.61 x IO" 18

1026

< 1

-2.87

1.84xl05

1031

7?

-5.83

3.66

1027

113

15
17

(1.16 x 10~2) (2.18 x IO4)
32.22

14.82

(5.70 x IO"5) (1.07xl02)

Table G. 11: Parameter and error table for fitting coefficients of the Edward's emissivity model used in the non-linear least squares analysis. Values in parentheses
are as read.
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10 w t % T Z 3 Y in alumina

Spm

x2

Ol

Cai

o 2 x IO" 10

a (2 y lu~J

1

1.75

99.01

3.76x10"-13

14.81

3,4:

3

6.55

99.01

6.86x10"-11

10.65

6.60

5

6.55

99.01

6.86x10"-11

10.65

6.60

7

2.77

99.01

3.22x10"-17

6.23

5.76

9

3.35

99.01

1.95x10"-16

4.36

3.26

11

2.00

99.01

4.87x10"-13

219.81

(1.76 x IO"5)

13

8.35

99.01

2.51x10"-16

6.76

1.20

15

4.76

99.01

4.78x10 -4

(1.29 x 10~4)

(354.91)

17

5.82

1.24 x IO" 3

7.96xlCI2

(1.42)

(0.70)

Spm

o 3 x IO" 7

°az X IO" 6

04 x 10"-2

cQ4

T(°C)

oT(°C)

1

27.84

9.40

-4.68

11.94

1027

108

3

18.59

1.25

2.93

125.0

1027

181

5

18.59

1.25

2.93

125.0

1027

181

7

10.88

6.79

0.20

0.82

1027

< 1

9

6.13

4.35

0.33

2.38

1027

<1

11

(3.81 x 10~s)

(3.11 x IO"2)

4.92

0.01

1027

236

13

12.02

13.48

0.36

4.58

1027

<1

15

(1.71 x IO"2)

(4.73 x IO4)

-2.45

2.12 x IO5

1028

142

17

(-8.13 x 10~2)

(1.86 x IO4)

-100

3247

872

23

Table G.12: Parameter and error table for fitting coefficients of the Edward's emissivity model used in the non-linear least squares analysis. Values in parentheses
are as read.
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TZ3Y

Spm

X2

Oi

0"oi

a 2 x 10- 1 0

att2 x IO" 9

1

2.90

99.01

1.28xl0-13

-17.72

58.90

3

5.40

99.01

5.22xl0-6

(1.11 x IO"5)

(41.94)

5

41.66

99.25

4.07xl0-13

443.55

(1.98 v IP-""

7

4.11

99.01

3.97X10-17

5.30

5.06

9

3.75

99.01

3.11xl0-13

5.13

4.66

11

3.05

99.25

1.65X10-14

4.58

8.54

13

43.69

99.01

3.40xl0-13

255.84

(3.80 x 10~5)

Spm

o 3 x 10~'

cr03 x IO" 6

a 4 x IO - 2

C04

T(°C)

aT(0C)

1

47.81

176.91

(-12.98)

2.58 x IO-4

1014

535

3

(4.45 x 10" 3 )

(6.52 x 103)

-2.36

7.28 x IO4

1027

140

5

(7.68 x 10""5)

(0.34)

68.41

1.02 x IO-5

1038

327

7

8.70

6.44

0.35

2.75

1027

<1

9

8.75

5.95

2.00

85.83

1027

14

11

-4.90

9.69

-1.37

140

1027

7

-7.69

(3.00 x IO"3)

1027

274

13

*

(4.79 x 10"-5) (7.04 x 10~ 2 )

Table G.13: Parameter and error table for fitting coefficients of the Edvar!'* e -:
sivity model used in the non-linear least squares analysis. Values in parenthesis
are as read.
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